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ABSTRACT 
Diverse species of RNA can be post-transcriptionally uridylated on 3’ termini to 
modulate their biological function. Key cellular enzymes involved in the catalysis 
of RNA uridylation have been identified as two closely related terminal 
uridyltransferase (TUT) family members known as Zcchc6 and Zcchc11. To date, 
most reports on the function of TUTs have been gleaned from reductionist in vitro 
systems, however the biological function of these enzymes in integrated animal 
models remains unknown. The goal of this work was to investigate physiological 
roles for the TUT proteins during normal homeostasis and during infectious 
stress. To achieve this, we generated two constitutive, animal models of TUT-
deficiency for both Zcchc6 and Zcchc11. The first knockout animal of the two 
TUTs to be examined was Zcchc11. Given previous reports that Zcchc11 played 
essential roles in stem cell biology, it was anticipated that Zcchc11-null mice 
would be result in embryonic lethality. We observed decreased survival and 
organismal growth following birth. The hepatic small RNA transcriptome revealed 
reduced sequence lengths and terminal uridylation across mature microRNAs 
and the expression of IGF-1 was enhanced by Zcchc11 expression in vitro.  
		 viii 
MiRNA silencing of IGF-1 was alleviated by the uridylation of IGF-targeting 
miRNA. We concluded that the Zcchc11-mediated terminal uridylation of mature 
microRNAs is pervasive and physiologically significant. In the second model 
examined, we observed that Zcchc6 deficiency did not impact perinatal mortality 
or litter size, but in contrast to Zcchc11-null mice, Zcchc6-null animals exhibited 
enhanced organismal growth following birth. A survey of tissue Zcchc6 mRNA 
expression showed enrichment in the lungs and upon further analysis we 
observed Zcchc6 to be uniquely and highly expressed in mouse and human 
primary alveolar and bone marrow derived macrophages, increased during 
monocyte-to-macrophage differentiation and regulated the expression of select 
cytokines including IL-6 and CXCL1 during inflammation. These studies indicated 
that Zcchc6 was required for the development of immunocompetent 
macrophages and calibrated macrophage-mediated innate immune responses in 
the airspaces. Taken together, these data provide evidence of independent and 
overlapping roles for TUT proteins in diverse physiological systems in living 
animal models. 
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CHAPTER ONE: INTRODUCTION 
Nontemplated additions to RNA 
mRNA 
The central dogma of molecular biology has persisted throughout the last century 
of scientific research and dictates that the flow of genetic information originates 
from genomic DNA, is transcribed into messenger RNA, and finally is translated 
into protein. Given todays advances in technology and scientific discovery we 
now know that this flow of genetic information is not as simplistic nor 
unidirectional as once thought. Transcribed RNAs undergo a variety of 
modifications, including but not limited to, 5’ cap addition, methylation, splicing, 
and 3’ terminal nucleotidylation. All of these events modify the processed RNA 
with unique molecular signatures that can be edited or removed later on in the 
cytoplasm (Bentley, 2014; Keene, 2007). For example, poly(A) tails are added to 
mRNAs in the nucleus by canonical poly(A) polymerase (PAP) and are critical for 
generating stable, functional mRNAs (Colgan et al., 1997; Proudfoot et al., 2002). 
However, once that mRNA matures and translocates to the cytoplasm, further 3’ 
editing can occur through interaction with noncanonical poly(A) polymerase 
enzymes. Ultimately these additional layers of post-transcriptional control allow 
organisms the ability to dynamically fine-tune gene expression programs in 
response to diverse internal and environmental stimuli and challenges. 
  
		
2 
Nascent pre-mRNA is known to be co-transcriptionally processed with a 5’ 
methylguanosine cap, spliced, labeled with the exon junction complex, cleaved 
and polyadenylated at the 3’ terminus (Bentley, 2014; Moore et al., 2009). The 
processed mRNA is wrapped into an mRNP and exported to the cytoplasm to be 
confirmed as translationally competent at the pioneer round of translation. 
Despite the intense cellular investment in mRNA, there are a myriad of 
mechanisms of RNA decay that are omnipresent and capable of removing each 
molecular signature that was deposited in the nucleus. The 5’ methylguanosine 
cap is targeted and removed by 5’ decapping enzymes such as Dcp1 and Dcp2 
(Arribas-Layton et al., 2013; Wang et al.). 3’ polyadenylate tails are chewed by 
distinct deadenylases including PARN, Ccr4/Not1, and DAN complexes, all of 
which lead to mRNA instability and degradation (Collart, 2003; Denis et al., 2003; 
Godwin et al., 2013; Körner et al., 1998). mRNA can be cleaved 
endonucleolytically by specific RNases such as ZC3H12A or PMR1 (Gu et al., 
2012; Matsushita et al., 2009; Yang et al., 2004). Exon-junction complex proteins 
are removed during the pioneer round of translation given that the processed 
mRNA does not contain a pretermination stop codon. Once these molecular 
markers are removed the naked RNA substrates are then further degraded by 
processive 5’-3’ decay enzymes such as Xrn1/PACMAN (Houseley et al., 2009; 
Jones et al., 2012a; Parker et al., 2004) and the 3’-5’ exosome complex 
(Houseley et al., 2006; Mitchell et al., 1997). Rapid and decisive mRNA decay is 
essential for mRNA quality surveillance, comprising nonstop decay, nonsense-
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mediated decay and no-go decay pathways, and fine-tuning protein elaboration 
in an effort to integrate diverse environmental cues(Lopez-Maury et al., 2008; 
Popp et al., 2013; van Hoof et al., 2011).  
 
In addition to these well known mRNA processing events, polyadenylated 
mRNAs have been observed to contain additional mono- and di-uridyl tails in the 
fission yeast Saccharomyces cerevisiae (Rissland et al., 2007). In 
Schizosaccharomyces pombe, uridylation events appear to not only precede 
decapping of mRNAs, but that it can facilitate decapping of mRNAs in concert 
with the Lsm1-7 complex (Rissland et al., 2009). The Lsm1-7 complex is highly 
conserved and well-characterized in yeast mRNA decapping and degradation 
(Coller et al., 2004), which suggests that this mechanism is involved in normal 
mRNA turnover across species. Histone mRNA is a unique RNA subclass in that 
transcripts lack the conventional poly(A) tail and instead contains a stem-loop 
that is required for interacting with degradation machinery (ref). It is rapidly 
degraded in proliferating cells at the end of S phase, and recent work has 
implicated 3’ oligouridylation as an initial step in marking histone H3 mRNA for 
degradation (Mullen et al., 2008). The results of this study implicated the 
noncanonical poly(A) polymerase (PAP) PAPD5 as a potential enzyme 
responsible for this modification, however further studies have shown that the 
Zcchc11 enzyme is required for histone mRNA uridylation, whereas PAPD5 is 
dispensable (Schmidt et al., 2011). To gain insight into the mechanism by which 
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uridylation marks histone mRNA for decay, Hoefig et al., described a role for the 
exonuclease Eri1 (ref). This enzyme recognizes the histone stem-loop structure 
while the Lsm1-7 complex binds to the oligouridine tail, thus facilitating RNase-
dependent degradation by Eri1 (Hoefig et al., 2013). 
 
New sequencing techniques such as TAIL-seq, which is a method to globally 
interrogate the 3’ ends of RNAs (Chang et al., 2014) have provided in depth 
insight into the effect of nucleotide additions on transcript turnover. Normally 
poly(A) tail length acts as a molecular timer for mRNA stability, and uridylation 
events were predominantly observed on short poly(A) tails (<25 nt) or mRNAs 
marked for decay. In Lim et al., the authors showed that immunopurified 
noncanonical PAPs Zcchc6 and Zcchc11 oligouridylate a diversity of mRNAs 
with short poly(A) tails (<25nt long) in vitro. Furthermore, it was observed that 
mRNAs isolated from cells deficient in both terminal uridyltransferases (TUTs) 
Zcchc6 and Zcchc11 lacked uridine tails (Lim et al., 2014). Previous findings 
suggested that after deadenylation, mRNAs are no longer translationally 
competent and are degraded by the exosome. Results from these more recent 
studies indicate that mRNA 3’ uridylation may occur at an intermediate decay 
step and could play an important role in more global pathways of mRNA 
degradation. Despite these conceptual advances, many questions remain 
regarding the roles of terminal uridylation in broad mRNA decay pathways and 
the TUTs responsible for these modifications.  
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microRNA 
microRNAs (miRNAs) are approximately 22nt single-stranded, evolutionarily 
conserved, non-coding RNA species that regulate mRNA through 
complementary base pair binding in targeted 3’ UTRs. The miRNA-targeted 
mRNAs are translationally silenced and more apt to be degraded(Huntzinger et 
al., 2011) . It has been shown that the majority of the mammalian transcriptome 
is regulated in a miRNA-dependent manner. miRNA are normally transcribed as 
a primary miRNA (pri-miRNA) by RNA polymerase II and subsequently identified 
and cleaved by the microprocessor containing the RNase III Drosha and DGCR8 
to form a precursor miRNA (pre-miRNA) containing a signature 3’ 2 nucleotide 
overhang (Lee et al.; Winter et al., 2009) .  Pre-miRNA in the nucleus are 
recognized and exported to the cytoplasmic compartment by Exportin 5 
(Bohnsack, 2004; Brownawell et al., 2002). Once cytoplasmic, pre-miRNA are 
identified by another RNase III-type enzyme Dicer, further cleaved, and then 
loaded into RNA induced silencing complexes (RISC)(Hammond et al., 2000). 
RISC is the central effector regulatory complex responsible for silencing miRNA-
targeted transcripts (Martinez et al., 2002). 
 
Similar to mRNA 3’ termini, untemplated additions and substitutions have been 
observed on a diversity of pre-miRNA and mature miRNA species (Newman et 
al., 2011). These modifications are global and present across species, implying 
that this mechanism is evolutionarily conserved (Burroughs et al., 2010). The 
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prevalence of deep sequencing techniques made it possible to characterize the 
presence of miRNA editing events. Once thought of as artifacts of sequencing, 
they are now widely accepted as deliberate, functional modifications that impact 
miRNA biogenesis itself and the expression of targeted mRNAs (Norbury, 2013; 
Wyman et al., 2011). 
  
One of the first identified miRNAs was let-7 (Reinhart et al., 2000). Let-7 and its 
family members are highly conserved across diverse eukaryotic species and play 
a central role in stem cell biology, differentiation, and development(Pasquinelli et 
al., 2000; Sokol et al., 2008; Yu et al., 2007a; Yu et al., 2007b). The let-7 
microRNA family is arguably the best described in terms of uridylation. Several 
groups have shown a role for uridylation in the miRNA biogenesis pathway (Heo 
et al., 2008; Newman et al., 2008; Rybak et al., 2008; Viswanathan et al., 2008). 
These groups independently showed that uridylation of pre-let-7 inhibits the 
maturation of this miRNA intermediate in embryonic stem cells and cancer cell 
lines, and that this process is dependent on the pluripotency factor Lin28, yet 
Lin28 itself does not have uridylation capacity. In general, mature let-7 levels are 
absent in stem cells, increased during differentiation, and involved in repressing 
the expression of pluripotency genes (Roush et al., 2008). In fact, let-7 added to 
miRNA-deficient embryonic stem cells (DGCR8-/- ESCs) can rescue 
differentiation defects (Melton et al., 2010). To further elucidate the mechanism 
by which let7 is uridylated, immunopurified Lin28 was subjected to mass 
		
7 
spectrometry analysis to determine potential binding partners, one of which was 
discovered to be the terminal uridyltransferase (TUT) enzyme Zcchc11 (Hagan et 
al., 2009). A complementary study in which proteins interacting with affinity-
purifed pre-let7 were identified also determined a key role for Zcchc11 in 
biogenesis of this miRNA (Heo et al., 2009).  
 
Independent of miRNA biogenesis, there have been many reports that mature 
miRNAs are 3’ end modified by both adenylation and uridylation (Burroughs et 
al., 2010; Landgraf et al., 2007). Our group identified a separate role for Zcchc11 
in uridylation of mature miRNAs to regulate cytokine expression. We found that 
Zcchc11 uridylates specifc miRNAs, namely the mir-26 family, to regulate IL-6 
expression in cells (Jones et al., 2009). In contrast to the oligouridylation 
signature that predominates on pre-miRNA, mono- and diuridyl additions are 
much more typical of mature miRNA end modifications (Burroughs et al., 2010; 
Ibrahim et al., 2010; Jones et al., 2012b; Thornton et al., 2014). 
 
Mature miRNAs can also be post-transcriptionally adenylated, yet the effect of 
this modification on miRNAs is still somewhat controversial. A fraction of the 
mature form of liver-specific miR-122 was found to be selectively 
monoadenylated in mouse livers by the noncanonical PAP GLD-2, which 
contributed to the steady-state levels of this miRNA (Katoh et al., 2009). More 
recently, it has been shown that maternally inherited miRNAs in the early embryo 
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are globally adenylated by the noncanonical PAP WISPY. It has been suggested 
that this process contributes to clearance of maternal miRNAs and thus 
regulation of maternal-to-zygotic transition (Lee et al., 2014). In summary, a 
multitude of reports provide abundant evidence that both pre-miRNA and mature 
miRNA is widely end modified. These modifications play important roles in 
miRNA maturation pathways, stability, and functional transcript silencing that can 
impact a broad range of post-transcriptional regulatory nodes mediating gene 
expression.  
 
 
Endogenous siRNA 
Endogenous small interfering RNAs (endo-siRNAs) are generated from 
complementary double stranded RNA hybrids and predominantly found in the 
germline and stem cells (Babiarz et al., 2008; Okamura et al., 2008). Germ cells 
and ESCs do not have intact interferon signaling pathways thus defenses against 
long double-strand hybrids of RNA will not be activated (Stein et al., 2005). 
Modifications have also been described for endo-siRNAs in plants and other 
lower level organisms, potentially as a means of quality control in the normal 
RNA interference pathway. In Arabidopsis thaliana, Li et al. found that 
methylation is a mark of protection on siRNAs, and unmethylated siRNAs are 
subjected to uridylation, and thus degradation, by the noncanonical PAP HEN1 
(Li et al., 2005). An increase in global siRNA levels was found in an alga 
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Chlamydomonas reinhardtii model deficient in the noncanonical PAP MUT68. 
This enzyme was then shown to be required for uridylation and normal decay 
and turnover of siRNAs (Ibrahim et al., 2010). In C. elegans, a germline-specific 
TUT, CDE-1 is involved in siRNA uridylation which is improperly sorted, resulted 
in chromosomal segregation defects (van Wolfswinkel et al., 2009). In the green 
alga Chlamydomonas reinhardtii, it has been shown that nontemplated 
adenylation occurs on siRNA-cleaved RNA fragments, leading to their 
degradation (Ibrahim et al., 2006). This work describes a new role for adenylation 
as a marker for degradation. Taken together these observations highlight the 
broad species of RNA, including mRNA, miRNA and siRNA, that are post-
transcriptionally modified by adenylation and uridylation events. 	
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Alternative non-canonical poly(A) polymerase proteins 
Cid1 
The caffeine-induced death resistant 1 (Cid1) enzyme is the founding member of 
the non-canonical poly(A) polymerase protein family, reported over a decade ago 
for its role in cell cycle regulation in the fission yeast Saccharomyces 
cerevisiae(Read et al., 2002; Wang et al., 2000). Yeast deficient in Cid1 were 
found to be particularly sensitive to hydroxyurea and caffeine treatment. Further 
investigation into these pioneering studies demonstrated that Cid1 contains 
poly(A) and poly(U) polymerase activity and affected select mRNAs specifically 
involved in cell cycle checkpoints. Interestingly, microarray results from this 
research group showed that Cid1 targets mRNAs solely in cells under stressed 
conditions, such as replication (Stevenson et al., 2006). To further investigate the 
unique poly(U) polymerase activity of this protein, Cid1 protein complexes were 
purified from S. cerevisiae and it was determined that native Cid1 strongly 
prefers UTP as a substrate over ATP and that it can uridylate actin transcripts in 
vivo, as a molecular means to enhance targeted instability (Rissland et al., 2007). 
These seminal studies were among the first describing not just poly(U) 
polymerase activity but also the potential implications for Cid1-related RNA 
turnover in gene regulatory pathways. 
 
The demonstration that Cid1 exerts intrinsic poly(A) and poly(U) polymerase 
activity depending on the biological context and potential other cofactors in which 
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it is studied, led to subsequent investigations on its high resolution and 
crystallographic structure. Yates et al. and Lunde et al. determined that a single 
histidine residue is responsible for the specificity of UTP over ATP and that this 
histidine is conserved in Cid1 mammalian orthologs (Lunde et al.; Yates et al., 
2012), while Munoz-Tello et al. described native Cid1 in complex with UTP 
(Munoz-Tello et al., 2012). Findings on the structure of Cid1 in lower organisms 
have overarching implications for mammalian Cid1-related orthologs, leading to a 
greater understanding of these proteins and their functions in general.    
 
    
GLD2 
In contrast to TUTs, other noncanonical PAP family members such as Germline-
development 2 (Gld2), also known as PAPD4 or TUT2, primarily exhibit 
adenylation activity. In the Caenorhabditis elegans germline, mitotic cells at the 
distal ends transition to meiosis more proximally, yet how this transition occurs is 
not well described. It was found that Gld2 is a key factor in mitotic to meiotic 
transition and is was required for normal progression through meiosis (Kadyk et 
al., 1998). Further studies showed through secondary structure analysis that 
Gld2 contains a catalytic core responsible for polyadenylation activity (Kwak et 
al., 2004). Gld2 itself does not contain an RNA binding motif and requires a 
binding partner, CPEB, for its poly(A) polymerase activity on RNAs in vitro (Wang 
et al., 2002a). This finding described a new mechanism by which 
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nucleotidyltransferase activity can occur. The function of Gld2 in regulating 
germline development is maintained in other organisms, including Drosophila 
melanogaster. In flies, poly(A) tail length determines when an mRNA will be 
translated, as transcripts needed for later spermatogenesis events are 
transcribed earlier on. Sartain et al. found that spermatogenesis in Gld2-deficient 
male flies occurs normally up until meiosis, but post-meiotic differentiating events 
are abnormal, leading to a complete ablation of mature sperm. The authors 
postulated that Gld2 could be involved in dormant transcript poly(A) tail 
elongation (Sartain et al., 2011). Similar conclusions were drawn from a study 
showing that in the brain, Gld2 and CPEB complexes are activated by synaptic 
activity and polyadenylate targeted CPE-containing mRNAs (Udagawa et al., 
2012). Curiously, a study using a mouse model deficient in Gld2 found no defects 
in polyadenylation of transcripts, nor any evidence of embryonic lethality or 
fertility issues (Nakanishi et al., 2007). In summary, these reports demonstrate 
that post-transcriptional poly(A) tail lengths, established in the nucleus, can be 
lengthened to enhance stability and translation in response to  specific signaling 
cues. 
 
In addition to mRNA stability, Gld2 has also been shown to affect miRNA 
stability. Using the GLD2 knockout mouse reported in Nakanishi et al., it was 
found in the livers of these mice that 3’ adenylation of mir-122 was decreased. 
Importantly, the authors determined that expression of mature but not pre-mir-
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122 was decreased, suggesting that transcription of this miRNA was not affected 
(Katoh et al., 2009). In another report using primary human fibroblasts, it was 
found that Gld2 depletion actually promotes p53 polyadenylation and protein 
production (Burns et al., 2011). Gld2 stabilizes miR-122, which is also expressed 
in fibroblasts, via 3’ monoadenylation and results in destabilized CPEB mRNA 
expression (D'Ambrogio et al., 2012). To date, the mechanism by which 
monoadenylation stabilizes steady-state miR-122 content remains unknown. 
However, is has become apparent that exonucleases are present in cells and 
dedicated to the degradation and 3’ end editing of mature miRNAs including 
Xrn1/Xrn2 in C. elegans (Bosse et al., 2013; Chatterjee et al., 2009) 
polynucleotide phosphorylase (Das et al., 2010) ,and Nibbler (Han et al., 2011; 
Liu et al., 2011). 
PAPD5 
One function of the noncanonical poly(A) polymerase PAPD5 (TUT3) seems to 
be in the surveillance and quality control of aberrant mRNA. In mouse fibroblasts, 
knockdown of PAPD5 had an inhibitory affect on polyadenylation of incomplete 
RNA polymerase I-associated transcripts (Shcherbik et al., 2010). PAPD5 has 
also been reported to degrade replication-dependent histone RNAs. In this case, 
PAPD5 oligouridylated histone RNA, which was then recognized by the Lsm-1 
decapping and degradation complex (Mullen et al., 2008). Other studies found 
PAPD5 to be dispensable for histone RNA uridylation (Schmidt et al., 2011), 
which suggested that perhaps the RNA substrate or binding partners may direct 
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PAPD5 specificity. Biochemical analysis of the determinants of PAPD5 RNA 
binding showed that it preferentially adds AMP versus UMP residues on RNA 
substrates (Rammelt et al., 2011). PAPD5 can also adenylate microRNAs, 
specifically mir-21, and this leads to degradation of the miRNA; disruption of this 
pathway is a hallmark of tumors in many tissue types (Boele et al., 2014). These 
results suggest that PAPD5 may have important roles across diverse cellular 
contexts. 
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The TUTs: Zcchc6 and Zcchc11 
Zcchc11 
Zcchc11 (also known as PAPD3 or TUT4) and Zcchc6 (also known as PAPD6 or 
TUT7) are the most homologous of the noncanonical PAPs, which has led to 
some debate as to whether they are simply evolutionarily redundant or function 
by distinct mechanisms.  
 
Zcchc11 was first described from a screen for proteins interacting with TIFA 
(TRAF-interacting protein with a forkhead-associated (FHA) domain), which 
mediates Toll-like receptor signaling. It was found that, in the macrophage cell 
line RAW 264.7, Zcchc11 interacts with TIFA upon LPS stimulation and 
suppresses activation of NF-kappaB (Minoda et al., 2006). After this initial report 
on Zcchc11, there were no other studies published until 2008 when it was shown 
that Lin28-dependent uridylation of let-7 was described (Heo et al., 2008; 
Newman et al., 2008; Rybak et al., 2008; Viswanathan et al., 2008), yet the 
enzyme responsible for uridylation was unknown. The amino acid sequence of 
Zcchc11 revealed homology to other non-canonical PAPs and it was reported 
that in embryonic stem cells, Zcchc11 is recruited to the 3’ ends of premature let-
7 by Lin28, where it uridylates pre-let-7, thus halting biogenesis of this miRNA 
(Hagan et al., 2009). Another group also described Zcchc11/Lin28-mediated 
uridylation of pre-let-7, and they were able to show that a distinct motif in the pre-
let-7 terminal loop structure was responsible for Zcchc11 recruitment not only for 
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let-7 but other miRNAs containing the same sequence (Heo et al., 2009). Lin28 is 
mainly expressed in undifferentiated cells and exists in two isoforms – Lin28A 
and Lin28B; while Lin28B can repress let-7 biogenesis independent of Zcchc11 
in the nucleus, Lin28A directly interacts with Zcchc11 to uridylate let-7 in the 
cytoplasm (Piskounova et al., 2011). A role has also been described for Zcchc11 
in Lin28-independent uridylation of pre-miRNA in somatic cells (Heo et al., 2012). 
 
In contrast to studies showing a role for Zcchc11 in miRNA biogenesis, our group 
showed that Zcchc11 was involved in uridylating mature mir-26 family members, 
thus relieving their full capacity to regulate IL-6 cytokine expression (Jones et al., 
2009). Zcchc11 also promotes cell cycle transition from G(1) to S phase and thus 
cell proliferation. A catalytically-null version of the Zcchc11 enzyme also shows 
the same proliferation phenotype, showing that this protein has a function 
independent of its uridyltransferase activity (Blahna et al., 2011). These initial 
studies were based on observation using in vitro systems, so we generated the 
first mouse model of Zcchc11 deficiency (Jones et al., 2012b). Using this 
Zcchc11-/- mouse, we demonstrated that hepatic mature miRNA 3’ uridylation 
was reduced. Furthermore we showed that Zcchc11 was required for sufficient 
neonatal IGF-1 expression in the liver, growth, and survival (Jones et al., 2012b).  
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Zcchc6  
Zcchc6 was first identified as a uridyltransferase enzyme during a study 
investigating the uridyltransferase activity of another noncanonical PAP, Cid1 
(Rissland et al., 2007). Pervasive 3’ end miRNA modifications have been 
detected by sequencing techniques for some time, yet the enzymes responsible 
were unknown. A screen of non-canonical PAPs for their miRNA-specific 
nucleotidyltransferase activity identified Zcchc6 as one such enzymes (Wyman et 
al., 2011). Biochemical analyses of domains necessary for uridyltransferase 
activity then showed that Zcchc6, similar to Zcchc11, was able to uridylate pre-
let-7 in a Lin28-dependent fashion in vitro (Thornton et al., 2012). Uridylation by 
Zcchc6 and Zcchc11 is not restricted to miRNAs, as evidenced by Lim et al.’s 
study showing that mRNAs with short (<25nt) poly(A) tails can be uridylated, and 
that this marks them for degradation (Lim et al., 2014). Further delineation of the 
mechanism of pre-miRNA uridylation suggested that uridylation is not always a 
marker for degradation. Kim et al. found that, in certain differentiated cell lines 
that do not expression Lin28, mono-uridylation of pre-miRNA actually stabilizes 
and thus promotes biogenesis, while in embryonic stem cell lines di- and 
oligouridylation mark pre-miRNA for the traditional route of degradation (Kim et 
al., 2015). Currently there are no published reports of a mouse model of Zcch6-
deficiency. Further studies will be needed to determine if these mechanisms can 
be generalized to physiological systems beyond cell lines. 
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Elucidating TUT biology in animal systems 
The generation of integrative models of Zcchc11 or Zcchc6 deficiency will enable 
investigations into physiological systems most impacted by RNA uridylation 
defects. Observations derived from previous studies indicate that innate immune 
biology, which is central to diverse diseases with significant public health 
concern, may be impacted by TUT deficiency (Jones et al., 2009; Minoda et al., 
2006). In fact, pneumonia is the leading cause of death for children worldwide 
and the leading cause of death due to infection in the US (Mizgerd, 2008; Musher 
et al., 2014; Prina et al.).  Beyond the immediate setting of pneumonia, results 
obtained from investigations will have broader impact because properly regulated 
immune biology is critical to the pathophysiology of additional diverse 
immunopathologies, such as atherosclerosis, chronic obstructive pulmonary 
disease, and idiopathic pulmonary fibrosis(Hussell et al., 2014; Lusis, 2000; 
Schupp et al., 2015). Beyond immunity, RNA uridylation and TUTs are also 
positively correlated with reproductive and cancer biology (Blahna et al., 2011; 
Fu et al., 2014; Hagan et al., 2009; Heo et al., 2009; Jones et al., 2012b; 
Norbury, 2013). By revealing novel fundamental mechanisms in TUT biology in 
integrated living systems, we hope that results from the proposed studies will 
help guide future translational investigations designed to improve the prevention, 
management, and treatment of immunological-based diseases. 
 
 
		
19 
Hypothesis based scientific inquiry 
Our goal in this study was to determine the functional roles for the terminal 
uridyltransferase (TUT) enzymes Zcchc6 and Zcchc11 in integrated physiological 
systems during homeostasis and acute bacterial infection. To address these 
major knowledge gaps, we generated two mouse models of TUT-deficiency. 
Given previous reports exhibiting the importance of both TUTs in stem cell 
maintenance and differentation, we first hypothesized that animal growth and 
survival would be affected by TUT-deficiency. We also hypothesized that either 
TUT or both would be able to impact the regulation of host innate immune 
responses during pneumonia based on our previous findings with miRNA 
uridylation and cytokine regulation. These proposed studies encompass an 
integrated approach in vivo to elucidate how Zcchc6 and Zcchc11 exert roles in 
directing mammalian homeostasis across various physiological systems. Further 
elucidating the basic biology of RNA 3´ terminal remodeling by TUTs is required 
before we can consider whether and how to translate these newly emerging 
models of gene expression regulation to clinical settings. 
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CHAPTER TWO: MATERIALS AND METHODS 
 
Analysis of deep sequencing data 
All library analyses were performed using the Genomic Workbench software 
platform (CLC Biosystems). First, sequences were sorted by adaptor barcode 
(Table 1) and perfectly matched adaptor sequences were trimmed while 
ambiguous/unrecognizable adaptor sequences were discarded. The samples 
were then grouped, counted and aligned to v16.0 of miRBase (Griffiths-Jones et 
al., 2008; Kozomara et al., 2011) allowing no more than 2 internal mismatches 
and no more than 5 at the 39 end of the sequence. For identification of sequence 
modifications the libraries were aligned to the mouse genome annotated with 
v9.0 of the mouse database from the UCSC genome browser. SNP detection 
was performed using the neighborhood quality score algorithm (Brockman et al., 
2008) to identify sequence variants occurring at greater than one per 1,000 
sequences. Full genome alignment was used to empower the use of quality 
scores (average quality score of 15, minimum central quality of 20, with a window 
length of 5) for SNP detection. SNP position alignment data was exported for 
further analysis and adenylation/uridylation was defined as A or T variants 
occurring at the position one nucleotide beyond the published 3’ terminal end of 
the miRNA. Unambiguous uridylation events were defined as substitutions of a 
non-genomic U for any other nucleotide at the 3’ terminal end of miRNA. 
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Table 1: Deep sequencing oligo sequences 
3’ adaptor 1 rApp/AAGTATCGTATGCCGTCTTCTGCTTG/ddc 
3’ adaptor 2 rApp/ATCCTTCGTATGCCGTCTTCTGCTTG/ddc 
3’ adaptor 3 rApp/AGAGGTCGTATGCCGTCTTCTGCTTG/ddc 
3’ adaptor 4 rApp/TAGGTTCGTATGCCGTCTTCTGCTTG/ddc 
5’ adaptor GUUCAGAGUUCUACAGUCCGACGAUC 
rtPCR primer CAAGCAGAAGACGGCATACGA 
Reverse primer CAAGCAGAAGACGGCATACGA 
Forward primer ATGATACGGCGACCACCGACAGGTTCAGAGTTCTACAGTCCGA 
 
 
 
Cell lines 
The human monocytic cell lines U937 and THP-1 were obtained from the 
American Type Culture Collection (ATCC). For the differentiation experiment, 
1x106 cells were seeded in 6-well tissue culture dishes, stimulated with 20 ng/mL 
(U937) or 5 ng/mL (THP-1) Phorbol 12-myristate 13-acetate (PMA; Sigma Aldrich 
P8139) overnight, and collected the next day in protein lysis buffer. 
  
For the transfection experiments, H1299 cells were plated at 2.5x106 cells/well in 
6-well plates and transfected with 0.5 mg reporter construct, 0.25 mg phRLTK 
control reporter (Promega) and 200 nM miRNA mimetic using 4 ml/well 
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Lipofectamine 2000 (Invitrogen). Luciferase was measured using the Dual 
Luciferase Reporter Assay System (Promega). Mimetics (Table 2) were 
duplexed siRNA (Dharmacon). 
 
Table 2: miRNA mimetic oligos 
Control siControl #4 
Let-7d AGAGGUAGUAGGUUGCAUAGUU 
mir-126 CAUUAUUACUUUUGGUACGCG 
mir-126U CAUUAUUACUUUUGGUACGCGU 
mir-126UU CAUUAUUACUUUUGGUACGCGUU 
mir-126mut CACGCGUACUUUUGGUACGCG 
mir-194-2* CCAGUGGGGCUGCUGUUAUCUG 
mir-194-2*UU CCAGUGGGGCUGCUGUUAUCUGUU 
mir-379 UGGUAGACUAUGGAACGUAGG 
mir-379U UGGUAGACUAUGGAACGUAGGU 
mir-379UU UGGUAGACUAUGGAACGUAGGUU 
mir-379UUUU UGGUAGACUAUGGAACGUAGGUUUU 
 
 
Cloning and plasmid construction 
The full-length IGF-1 3’ UTR (Accession # NM_001111274.1) was amplified from 
a cDNA library of whole liver RNA from 8 day-old C57BL/6 mice with Herculase II 
DNA polymerase (Agilent). The resulting band was ligated between SacI and 
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MluI restriction sites into the pMir-Report expression vector (Ambion). All plasmid 
constructs were sequenced (Table 3). 
 
Table 3: Cloning oligos 
Zcchc11-N-F CTACAGCGTCAGATTGGAAACACTC 
Zcchc11-N-R CCCGCGGCCGCTTACTTGTCATCGTCGTCCTTGTAA 
TCCCCAATGCAAATACACTGGCT 
Igf-1 UTR F GGGGAGCTCTAGAGGAAGTGCAGGAAACAAGACC 
Igf-1 UTR R CCCACGCGTACCAGTTAATCAAACATGATTAATTTTAATG 
 
 
 
Crosslinking immunoprecipitation (CLIP) 
Crosslinking immunoprecipitation was performed as described (Huppertz et al., 
2014).  
Immunoprecipitation 
U937 cells were grown to a density of 12x106 cells/10cm2 dish and differentiated 
overnight with 20ng/mL PMA; lungs were harvested from Zcchc6-/- and Zcchc6+/+ 
mice and manually dissociated with a razor blade. Cells and tissues were 
irratiated with 150mJ/cm2 at 254nm on ice in a UV crosslinker (Stratalinker), 
scraped using cell lifters, then spun at 300xg for 5 minutes. Supernatant was 
removed and pellets were snap frozen. Protein G Dynabeads (Invitrogen) were 
washed twice with lysis buffer (50mM Tris-Hcl ph 7.4, 100mM NaCl, 1% Igepal 
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CA-360, 0.1% SDS, 0.5% sodium deoxycholate, 1/100 volume of Protease 
Inhibitor Cocktail Set III) with rotation. Beads were incubated with 5ug anti-
Zcchc6 or anti-IgG antibody for 60 minutes at room temperature and washed 
three times with lysis buffer. Snap frozen pellets were resuspended in 1mL lysis 
buffer plus 2uL Turbo DNase (NEB), and either a high (1:100) or low (1:1000) 
concentration of RNase. Lysates were incubated at 37°C for 3 minutes shaking 
at 1100rpm, then immediately transferred to ice for 3 minutes. Lysates were 
centrifuged for 10 minutes at 22,000xg then added to beads and incubated for 1 
hour at 4°C. Beads were washed twice with high-salt wash buffer (50mM Tris-
HCl ph 7.4, 1M NaCl, 1mM EDTA, 1% Igepal CA-630, 0.1% SDS, 0.5% sodium 
deoxycholate) then once with PNK buffer (20mM Tris-HCl pH 6.5, 50mM MgCl2, 
0.2% Tween-20).  
RNA 3’ end dephosphorylation 
Beads were resuspended in 20uL RNA 3’ end dephosphorylation mixture: 4uL 
5X PNK Buffer pH 6.5 (350mM Tris-HCl pH 6.5, 10mM MgCl2, 5mM dithiothreitol) 
0.5uL PNK (NEB), 0.5uL RNasin (Promega), 15uL H2O and incubated for 20 
minutes at 37°C in a thermomixer at 1100rpm. Beads were washed once with 
PNK buffer, once with high salt wash buffer, and twice with PNK buffer. 
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RNA adaptor ligation   
Beads were resuspended in 20uL of adaptor ligation mix: 8uL H2O, 5uL 4x 
ligation buffer (200mM Tris-Hcl pH 7.8, 40mM MgCl2, 4mM dithiothreitol), 1uL T4 
RNA Ligase (NEB), 0.5uL RNasin, 1.5uL 20uM pre-adenylated adaptor (IDT; 
rAppAGATCGGAAGAGCGGTTCAG/ddC/), 4uL PEG400 (Sigma) and incubated 
overnight at 16°C in a thermomixer at 1100rpm. 500uL PNK buffer was added 
and beads were washed twice with high salt buffer and twice with PNK buffer. 
 
5’ end labeling 
4uL of 32P mix was added to beads: 0.2uL PNK, 0.4uL γ-32P-ATP, 0.4uL 10X 
PNK Buffer (NEB), 3uL H2O. Beads were incubated for 5 minutes at 37°C in a 
thermomixer at 1100rpm. 20uL of 1X NuPAGE loading buffer (Life Technologies) 
was added and incubated for 5 minutes at 70°C. 
 
SDS-PAGE and nitrocellulose transfer 
Samples were loaded onto a 3-8% NuPAGE Tris-Acetate gel (Life Technologies) 
and run at 180V for 50 minutes. Protein-RNA complexes were transferred from 
the gel to a Protran nitrocellulose membrane (Sigma) at 30V for one hour. 
Membrane was exposed to film overnight at -80°C to visualize radiolabelled 
RNA. Alternatively, the gel was stained with SYPRO (Life Technologies) 
according to manufacturers instructions.  
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Determination of cell number and differential 
Lungs were lavaged as described previously (Mizgerd, 2008) with ice-cold lavage 
buffer (1X HBSS, 0.2M HEPES, 1% penicillin/streptomycin, 2.69mM EDTA). 
Isolated cells were centrifuged at 300 x g for 5 minutes at 4°C, then 
cytocentrifuged and stained with Diff-Quick (Dade-Behring) to perform cell 
differential analysis. All alveolar macrophages were > 95 % pure. 
 
 
Embryonic stem cell derivation 
Dr. Samantha Morris from George Daley’s lab performed the stem cell derivation 
and isolation. Eight-cell stage mouse embryos were collected in M2 medium 
(Millipore) from superovulated Zcchc11+/+, Zcchc11+/-, or Zcchc11-/- females 
mated with Zcchc11+/+ or Zcchc11+/- males. Embryos were cultured to the early 
blastocyst stage in KSOM (Millipore) supplemented with 2i (1 uM PD0325901 
and 3 uM CHIR99021 (Cayman Chemical)), followed by 48 hours of culture in 
Neurobasal medium supplemented with N2, B27 (Invitrogen) 2i and Leukemia 
Inhibitory Factor (LIF, Millipore) at 37°C, under 5% CO2. The resulting expanded 
blastocysts were cultured on laminin (Sigma, 10 mg/ml) coated tissue culture 
plastic in N2B27+2i+LIF until the blastocysts had attached and outgrowths were 
visible (3–4 days). These ES outgrowths were recovered by mouth pipette, 
disaggregated to single cells with 0.25% Trypsin (Invitrogen) and plated on 
laminin-coated tissue culture plastic to establish embryonic stem cell lines. Cell 
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line genotype was determined by amplifying wild type and mutant products of 
Zcchc11 alleles. 
 
 
Experimental Pneumonia 
For lung infections, mice were anesthetized by intraperitoneal injection with a 50 
mg/kg ketamine and 5 mg/kg xylazine solution.Tracheas were surgically exposed 
and cannulated using an angiocatheter. Streptococcus pneumonia serotype 19 
(Sp19, strain EF3030 provided by Dr. M. Lipsitch, Harvard School of Public 
Health, Boston, MA) was intratracheally instilled into the left lung lobe (Mizgerd et 
al., 2008). Target instillations of 1x106 CFU/mL were subsequently verified by 
serial dilutions of the input on 5% sheep blood agar plates. 
 
 
Histology and Immunohistochemistry 
Sections from testes embedded in paraffin were deparaffinized in Xylene and 
hydrated in successive washes in 100%, 95% and 70% ethanol.  They were then 
washed in PBS before they were incubated in 50mM ammonium chloride to 
quench aldehyde-induced fluorescence. Slides were washed in PBS and boiled 
in sodium citrate to recover tissue antigenicity. Sections were incubated in 
Primary Antibody Dilution Buffer (10% donkey serum, 3% BSA, 0.05% Triton X-
100 in PBS) for one hour before being incubated with primary antibodies (diluted 
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in ADB) overnight in a humid chamber. Slides were then washed in 10% ADB 
before being incubated for one hour in the appropriate secondary antibody 
diluted in PBS in a dark, humid chamber. The slides were then washed in PBS in 
the dark before being incubated in a 1:1000 dilution of DAPI in PBS also in a 
dark, humid chamber. After washing in PBS in the dark, the slides were treated 
with antifade, covered with a cover slip and sealed using nail polish before 
visualization. 
 
 
Measurement of protein expression by ELISA 
Secreted IL-6, TNF-α, CXCL1, and CXCL2 (R&D Systems) concentrations were 
quantified by DuoSet ELISA in BAL fluid or cellular supernatants. Statistical 
analyses were performed using GraphPad PRISM (GraphPad Software). For 
experiments with one comparison, Student’s t-test was used to determine 
significance (p<0.05). For groups with multiple comparisons, 2-way ANOVA with 
Boneferroni post-hoc test was used to determine significance. Data are displayed 
as means. 
 
For serum cytokine measurements, whole blood was collected from the hepatic 
vein from 10- week old litters of Zcchc6+/- breeding pairs; serum was separated 
and components were measured using mouse IGF-1 and GH ELISA Kits (R&D 
Systems).  
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Microarrays 
Microarray analysis was performed by the Boston University Microarray Core 
(Ashley LeClerc, Adam Gower, Eduard Drizik). Affymetrix GeneChip Mouse 
Gene ST 2.0 CEL files were normalized to produce gene-level expression values 
using the implementation of the Robust Multiarray Average (RMA) (Irizarry et al., 
2003) in the affy package (version 1.36.1)(Gautier et al., 2004) included within in 
the Bioconductor software suite (version 2.11) (Gentleman et al., 2004) and an 
Entrez Gene-specific probeset mapping (version 17.0.0) from the Molecular and 
Behavioral Neuroscience Institute (Brainarray) at the University of Michigan (Dai 
et al., 2005). Array quality was assessed by computing Relative Log Expression 
(RLE) and Normalized Unscaled Standard Error (NUSE) using the affyPLM 
Bioconductor package (version 1.34.0) (Brettschneider et al., 2008). Principal 
Component Analysis (PCA) was performed using the prcomp R function with 
expression values that had been normalized across all samples to a mean of 
zero and a standard deviation of one). Moderated t tests were performed using 
the limma package (version 3.14.4) (i.e., creating simple linear models with lmFit, 
followed by empirical Bayesian adjustment with eBayes). Correction for multiple 
hypothesis testing was accomplished using the Benjamini-Hochberg false 
discovery rate (FDR) (Benjamini et al., 1995). Human homologs of mouse genes 
were identified using HomoloGene (version 68) (Coordinators, 2013). All 
microarray analyses were performed using the R environment for statistical 
computing (version 2.15.1). 
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Murine alveolar macrophage cell culture 
Lungs were lavaged as described above with ice-cold lavage buffer (1X HBSS, 
0.2M HEPES, 1% penicillin/streptomycin, 2.69mM EDTA). Isolated cells were 
centrifuged at 300 x g for 5 minutes at 4°C, then cytocentrifuged and stained with 
Diff-Quick (Dade-Behring) to perform cell differential analysis. All alveolar 
macrophages were > 95 % pure. Cells were resuspended in RPMI and counted 
with a hemacytometer. 2x105 cells were plated in each well of a 24-well 
nonadherent cell culture plate and allowed to adhere for 45 minutes. The 
supernatant was replaced with complete RPMI (10% FBS and 1X 
penicillin/streptomycin). The next day, media was removed and cells were 
exposed for 6 hours with complete RPMI containing 500 ng/mL LPS (E. coli 
serotype 055:B5; Sigma Aldrich L2880) or complete RPMI without LPS. 
Supernatants were collected and cells were washed with 1mL ice-cold PBS. RNA 
from cells was collected in Qiazol (Qiagen). Pleural space macrophages were 
isolated as described previously (Zhang et al., 2008). 
 
 
Murine Bone Marrow Macrophage Isolation and Cell Culture  
Murine bone marrow macrophages were isolated as previously described (Zhang 
et al., 2008). For the differentiation time course, macrophages were collected 
from C57BL/6 mice and seeded onto 10 cm2 petri dishes. Cells were collected in 
Cell Stripper solution (Corning, 25-056-CI) at progressive points of differentiation 
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and lysed using protein lysis buffer. For the stimulation experiments, cells were 
seeded onto petri dishes with RPMI, 10% fetal bovine serum, and 20% L929 
supernatant and allowed to differentiate into macrophages over 7 days as 
previously described (Papadopoulos et al., 2013; Zhang et al., 2008). Adherent 
macrophages were removed with Cell Stripper solution and subsequently plated 
on non-adherent 6-well plates at a density of 1x106 cells/well. During the 
following day, the macrophages were stimulated for 6 hours with RPMI 
containing 500 ng/mL LPS or complete RPMI without LPS. Supernatants were 
collected and cells were washed with ice-cold 1X PBS. RNA from cells was 
collected in Qiazol. 
 
 
Protein isolation and immunoblotting 
For protein measurements, cells and tissues were snap frozen in liquid nitrogen 
for cryostorage at -80°C. Cellular lysis and protein extraction was performed 
using lysis buffer containing 20mM Tris-HCl pH 7.4, 150mM NaCl, 1mM MgCl2, 
0.5% NP-40. Total protein content was quantified using the bicinchoninic acid 
(BCA) assay (Sigma). For all Western blots, total protein was electrophoresced 
through 3-8% Tris-Acetate polyacrylamide gels (Life Technologies) and 
transferred to a PVDF membrane (Immobilon) using the NuPAGE blotting system 
(Invitrogen). The mouse Zcchc6 antibody was obtained from Proteintech (25196-
1-AP). The human Zcchc6 antibody was obtained from Sigma Aldrich 
(HPA020615).  The Zcchc11 antibody was obtained from Bethyl Laboratories 
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(A302-636A). GAPDH probes were purchased (SA Biosciences), as were Rabbit 
anti-GLD-2 (Abgent), and Rabbit anti-PAPD5 (Genetex). An anti-rabbit, HRP-
conjugated secondary antibody (Cell Signaling Technology #7074S) followed by 
ECL chemiluminescence (GE Healthcare, RPN2232) was used for protein 
detection.  
 
 
Small RNA cloning and deep sequencing 
Total RNA from testes of four P0 mice of each genotype was collected in Trizol. 
RNA <30 nt long was purified from phenol-chloroform extracted RNA using a 
FlashPAGE fractionator (Ambion). Small RNA library creation was performed 
using an adapted Illumina small RNA sample prep v1.5.0. Briefly, small RNA 
samples were adaptor ligated with one of four different 39 adaptors using T4 
RNA Ligase 2 (NEB) to allow multiplex sequencing of Zcchc11+/+ and Zcchc11-/- 
samples. A conserved 59 adaptor was added using truncated T4 RNA Ligase 2. 
Samples were gel extracted on a 10% TBE-Urea gel to remove adaptor (EPS) 
only ligation products. cDNA was created using SuperScript III Reverse 
Transcriptase (Invitrogen) then PCR amplified with GoTaq DNA Polymerase 
(Promega). The resulting library was sequenced on an Illumina Genome 
Analyzer IIx.  
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Total RNA Isolation and Quantitative PCR Analysis 
Total RNA including miRNA was isolated following the miRNeasy kit protocol 
(Qiagen). mRNA expression was measured using the TaqMan RNA-to-Ct 1-Step 
kit (Life Technologies). Primers were synthesized by Integrated DNA 
Technologies (Table 4). All RT-qPCR assays were performed on a real-time 
PCR machine (Applied Biosystems) using 10µg of total RNA. For each mRNA, 
fold induction was normalized to the content of 18S rRNA and expressed as fold-
induction relative to a control group. Fold inductions were calculated in Excel and 
statistical analyses were determined using GraphPad PRISM (GraphPad 
Software).  For experiments with one comparison, Student’s t-test was used to 
determine significance (p<0.05). For groups with multiple comparisons, 2-way 
ANOVA with Bonferroni post-hoc test was used to determine significance. Data 
are displayed as means. 
 
Table 4: RT-qPCR Primers and probes 
18S F ATTCGAACGTCTGCCCTATCA 
18S R GTCACCCGTGGTCACCATG 
18S Probe TCGATGGTAGTCGCCGTGCC 
Zcchc6 F CGCTTACACTCTTATGGTGCTATACTT 
Zcchc6 R CTGGTTTCTTTTCACCTTTGATATCT 
Zcchc6 Probe AGGTCTCCACCTGTCATC 
Igf-1 F TTCTACCTGGCGCTCTGCTT 
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Igf-1 R CTCGGTCCACACACGAACT 
Igf-1 Probe AGCATCCACCAGCTCAG 
CXCL1 F ACCCAAACCGAAGTCATAGCC 
CXCL1 R TGGACAATTTTCTGAACCAAGGG 
CXCL1 Probe CTTCAGGGTCAAGGCAAGCCTCGC 
CXCL2 F ATCCAGAGCTTGAGTGTGACG 
CXCL2 R TTAGCCTTGCCTTTGTTCAGTATC 
CXCL2 Probe CCTACTGCGCCCAGACAGAAGTCA 
LIX F TGATCGCTAATTTGGAGGTGATCC 
LIX R TGAACACTGGCCGTTCTTTCC 
LIX Probe TGCAGGTCCACAGTGCCCTACGGT 
IL-6 F AGTTGCCTTCTTGGGACTGATG 
IL-6 R CAGGTCTGTTGGGAGTGGTATC 
IL-6 Probe AACCACGGCCTTCCCTACTTCACA 
TNF-α F TCATACCAGGAGAAAGTCAACCTC 
TNF-α R TGGAAGACTCCTCCCAGGTATATG 
TNF-α Probe TGCCGTCAAGAGCCCCTGCCCC 
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Statistical Analysis 
All statistical analyses were performed using GraphPad PRISM (GraphPad 
Software). For experiments with one comparison, Student’s t-test was used to 
determine significance. For groups with multiple comparisons, 2-way ANOVA 
with Bonferroni post-hoc test was used to determine significance. Significance is 
described as p<0.05 or p<0.01 as indicated. 
  
 
Zcchc6-deficient mouse model 
Mice were maintained under pathogen free conditions in a barrier facility with 
access to food and water ad libitum. All experiments were performed using both 
male and female mice at 8-16 weeks of age. Experiments using non-genetically 
modified animals were conducted with C57BL/6 mice purchased from Jackson 
Laboratories (Bar Harbor, ME). The Zcchc6 floxed model denoted as Zcchc6+/Flx 
was engineered and generated by Dr. Donal O’Carroll (University of Edinburgh, 
UK). In this model, the critical exons 16 and 17 of the Zcchc6 gene are flanked 
by lox P sites via homologous recombination.  Cre recombinase-mediated 
excision of exon 16 leads to a frameshift mutation that elicits nonsense-mediated 
decay of the mutant transcript. To create Zcchc6-deficient mice, these mice were 
bred with the B6.FVB-Tg(EIIa-cre)C5379Lmgd/J mouse (Jackson Laboratories # 
003724), which harbors a cre transgene under control of the ubiquitous EIIa 
promoter. The resulting progeny were crossed for multiple generations to ensure 
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deletion of the Zcchc6 gene in all cells. Deletion of the Zcchc6 gene was 
determined by PCR (Table 5). All murine husbandry and experimental studies 
were performed under approval of the Boston University School of Medicine 
Institutional Animal Care and Use Committee (IACUC; Permit #14895). 
 
 
Table 5: Zcchc6 genotyping primers 
Zcchc6 Null F CCAGGCCATAAGAGGTGAAT 
Zcchc6 Wildtype F AGACCACCTTCACCAGTG 
Common R CCACCAGCACTGCTTCTGAA 
 
 
 
Zcchc11-deficient mouse model 
A mouse embryonic stem (ES) cell line (RRR277) containing a gene-trap 
insertion in the Zcchc11 gene was obtained from BayGenomics at the Mutant 
Mouse Regional Resource Center at University of California-Davis (Stryke et al., 
2003). C57BL/6 blastocysts were microinjected with mutant ES cells to create 
chimeric mice that were subsequently backcrossed onto a C57BL/6 genetic 
back- ground for at least 10 generations. The gene-trap genomic insertion site 
was located within intron 4 of Zcchc11, generating a fusion protein containing the 
first 314 amino acids of Zcchc11 joined in frame with the b-galactosidase 
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reporter. All known conserved protein motifs and domains in Zcchc11 are 
downstream of this site. The mutant allele was detected by genomic PCR (Table 
6). All murine studies were performed under approval of the Boston University 
School of Medicine IACUC. 
 
 
Table 6: Zcchc11 genotyping primers 
Zcchc11 F TCTGCCACTTTTGTTACCTCTTTCTG 
Zcchc11 R CTACAGCCTCAATAAATGATATCCTTTAATAAG 
Β-gal F CAAATGGCGATTACCGTTGA 
Β-gal R TGCCCAGTCATAGCCGAATA 
 
  
 
 
 
 
 
  
 .
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CHAPTER THREE: ZCCHC6 CONTRIBUTES TO KEY IMMUNOLOGICAL 
PROCESSES DURING ACUTE BACTERIAL PNEUMONIA 
 
 
Zcchc6 is enriched in the adult mouse lung and induced during 
infection 
TUT enzymes have been reported to play key roles in stem cell research and 
cancer biology. Together with the pluripotency factor Lin28, Zcchc11 was shown 
to negatively regulate the expression of let7 and ultimately the levels of stem cell 
markers (Hagan et al., 2009; Heo et al., 2009). Similarly, previous reports have 
shown that the expression of both Zcchc6 and Zcchc11 is tightly and 
developmentally regulated and undetectable in most adult tissues and organs 
(Thornton et al., 2014). These findings appear intuitive given that abundant levels 
of mature let-7 family members are positively associated with differentiated tissue 
and that negative regulators of let-7 biogenesis, such as Zcchc6 and Zcchc11, 
would be lowly expressed. To confirm the levels of Zcchc6 and Zcchc11 mRNA 
in adult tissues we assessed both transcripts by qRT-PCR. As shown in Figure 
1, it was unanticipated that both Zcchc6 and Zcchc11 mRNA is detectable in all 
tissues examined. Moreover, we found that Zcchc6 mRNA is significantly 
enriched in the lung relative to Zcchc11. Additionally, we examined whether 
Zcchc6 expression in the lungs of mice during a time-course of bacterial 
pneumonia and found that its expression was significantly induced over time 
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(Figure 1B). In an effort to determine which lung cell(s) express Zcchc6, we 
interrogated transcript levels in an already published microarray dataset 
generated from lung cell populations enzymatically digested and FACS isolated 
during pneumonia (GEO Accession GSE71623). To investigate where Zcchc6 is 
expressed in the lung during infection, we examined Zcchc6 expression in this 
dataset and observed that Zcchc6 was increased in non-epithelial cells during 
pneumonia (FDR q<0.05; GEO Accession GSE71623). The results of these data 
suggested that Zcchc6 mRNA was widely expressed across diverse tissues and 
cells but was only significantly enriched over Zcchc11 in adult lungs. Moreover, 
these data revealed that non-epithelial cell sources in the lungs were the most 
likely explanation for whole lung infection-dependent induction of Zcchc6 
expression.  
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Figure 1. Zcchc6 and Zcchc11 expression in mouse tissues.  
Normal C57BL/6 mouse tissues were assayed for Zcchc6 and Zcchc11 mRNA 
expression. (A) Zcchc6 expression was significantly induced over Zcchc11 
expression in two organs, the liver and the lung. Data are displayed as fold 
induction over Zcchc11 expression in the spleen (n=3,3). (B) Given the increased 
expression of Zcchc6 in the lung, Zcchc6 transcript levels were measure in 
infected lungs from C57BL/6 mice, which showed progressive induction 
throughout a pneumonia time course (n=7,7,9). *p<0.05 ***p<0.01 
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Zcchc6 protein expression is induced during monocyte-macrophage 
differentiation 
Alveolar macrophages represent a critical first line of defense against inhaled 
pathogens in the lungs (Kadioglu et al., 2004) . Given that Zcchc6 expression 
was enriched in non-epithelial lung populations of cells, we first looked at Zcch6 
protein expression in human monocytes compared to that of human monocyte-
derived macrophages and in primary alveolar macrophages. We observed that 
Zcchc6 protein is not expressed in the immature monocytes but exclusively in the 
terminally differentiated cells (Figure 2A). In contrast to previous reports that 
suggest Zcchc6 is specifically restricted to un-differentiated cell types (Thornton 
et al., 2014) these findings indicate an alternative expression pattern within 
myeloid cells. To directly test whether Zcchc6 protein expression is dependent 
upon monocyte to macrophage differentiation, we exposed the monocytic cell 
lines U937 and THP-1 to phorbol myristic acid (PMA), which activates protein 
kinase C and subsequent differentiation transcription factors such as AP-1, 
causing differentiation of these cell types (Daigneault et al., 2010). As shown in 
Figure 2B, Zcchc6 protein expression is markedly induced upon monocyte-to-
macrophage differentiation in both cell lines.  In a separate differentiation study, 
mouse bone marrow cells were harvested and allowed to differentiate in cell 
culture over 7 days. Similar to the human models of macrophage differentiation, 
we also observe that mouse bone marrow derived macrophages exhibit 
enhanced Zcchc6 protein expression during differentiation (Figure 2C). Taken 
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together, these data are the first evidence demonstrating the induction of the 
RNA uridyltransferase Zcchc6 during the differentiation of monocytes to 
macrophages. 
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Figure 2. Zcchc6 is induced upon monocyte-to-macrophage transition.  
Zcchc6 protein expression was assessed in differentiating macrophages. (A) 
Zcchc6 was not expressed in human immature monocytes, but was highly 
induced in differentiated macrophages and alveolar macrophages. We observed 
the same induction of Zcchc6 expression in human monocytic cell lines 
differentiated with (B) PMA and in (C) mouse bone marrow-derived macrophages 
over time, indicating that this phenomenon is a defining feature of several 
macrophage populations. 
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Generation of a constitutive Zcchc6-deficient mouse model 
To determine whether Zcchc6 is essential for macrophage function in vivo, we 
created a whole animal Zcchc6-deficient model (Zcchc6-/-). This model was 
derived from a floxed Zcchc6 (Zcchc6fl/fl) mouse engineered by Dr. Donal 
O’Carroll (EMBL Mouse Biology Unit, Italy) containing lox P sites that flanked 
critical exons 16 and 17 of genomic Zcchc6. To generate Zcchc6-/- mice, 
Zcchc6+/fl mice were bred with the B6.FVB-Tg(EIIa-cre)C5379Lmgd/J mouse 
(Jackson Laboratories), which harbors a cre transgene under control of the 
ubiquitous EIIa promoter. After excision of both exons, the resulting mutant 
Zcchc6 mRNA contains a premature stop codon, which is degraded through 
induction of nonsense-mediated decay pathways (Lakso et al., 1996; Sauer, 
1998). Progeny were further interbred with pure C57BL/6 mice to remove the 
Ella-cre transgene for multiple generations. To ensure deletion of the Zcchc6 
gene in all cells, we verified genomic deletion at the DNA (Figure 3A) and mRNA 
(Figure 3B) level. Zcchc6-deficiency in various adult tissues and organs was 
also confirmed at the protein level (Figure 3C). These results demonstrated that 
Zcchc6 protein is undetected in all adult tissues examined from the Zcchc6-
deficient animals. Furthermore, the observations led to the conclusion that similar 
to the Zcchc6 data presented in Figure 1A, both Zcchc6 encoding mRNA and 
protein is widely expressed in diverse adult cells and tissues.  
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Out of all known TUTs, Zcchc6 and Zcchc11 are by far the most homologous. In 
our previous report on the Zcchc11-deficiency model, we observed 
approximately 50% perinatal mortality in pups born from breeding heterozygous 
Zcchc11+/- × Zcchc11+/- mating pairs. Given the close homology between TUTs, 
we closely observed pups born from Zcchc6+/- heterozygous matings, Unlike the 
Zcchc11-deficient mice, we demonstrated that wildtype, heterozygous and 
homozygous Zcchc6-/- mice all exhibited normal litter sizes and were born in 
Mendelian ratio (Figure 3D).  Taken together, our data show that the Zcchc6-/- 
model is deficient in Zcchc6 across all tissues examined and progeny are devoid 
of embryonic lethality and survive to adulthood at Mendelian ratio. 
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Figure 3. A constitutive mouse model for Zcchc6-deficiency.  
We created a whole body Zcchc6 knockout mouse via cre-lox. Ablation of Zcchc6 
expression was verified at the (A) genomic, (B) mRNA, and (C) protein levels. 
(D) We demonstrated that wildtype, heterozygous, and homozygous pups are 
born in Mendelian ratio. These data demonstrate that the Zcchc6 enzyme is 
dispensable for murine development to adulthood.      
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Zcchc6-deficient alveolar macrophages appear phenotypically normal 
under homeostatic conditions 
Our previous data show a strong Zcchc6 induction during the transition from 
monocytes to macrophages (Figure 2). Given this observation and that the 
homologous TUT, Zcchc11 impacts cellular proliferation (Blahna et al., 2011), we 
were particularly interested to determine whether homeostatic macrophage 
numbers would be altered by Zcchc6-deficiency. Using bronchoalveolar lavage, 
we isolated all cells from the airspaces, which in an uninfected lung are 
predominantly macrophages in addition to very limited numbers of neutrophils 
and lymphocytes (Mizgerd, 2008).  We observed neither a difference in alveolar 
macrophage cell number or a difference in cellular composition as assessed by 
cell differential counts (Figure 4A,B). In an effort to determine whether Zcchc6-
dependent alveolar macrophage number and cell differential are unique to the 
airspaces, we also examined pulmonary macrophages residing in the pleural 
lung space outside of the lungs. The thoracic pleural space was lavaged and all 
cells isolated were examined by flow cytometry. Pleural macrophages were 
identified as autofluorescent, CD11b positive (Zhang et al., 2008). Similar to the 
data obtained from alveolar macrophage comparisons between genotypes, 
relative pleural macrophage numbers were unchanged in Zcchc6-/- compared to 
Zcchc6+/+ mice as shown in Figure 4C.  
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Given that molecular phenotypes typically precede cellular phenotypes, we 
conducted a broader and more unbiased approach to examine whether the 
transcriptional profiles of littermate wildtype and Zcchc6-/- alveolar macrophages 
were similar or drastically different under homeostatic conditions. Uninfected 
mice were subject to bronchoalveolar lavage to isolate residential alveolar 
macrophages. These cells were determined to be greater than 95% pure by 
differential cell counting on a hemocytometer post-staining. Total RNA from 
macrophages representing both genotyptes (N of 3) was isolated and used to 
conduct global mRNA expression analysis using Affymetrix Mouse Gene 2.0 ST 
microarrays. To our surprise we discovered that not a single mRNA was 
differentially expressed between genotypes to a statistically significant (FDR < 
0.05) degree. These data demonstrated that similar to the lack of cellular 
phenotype under Zcchc6-deficiency, loss of Zcchc6 did not impact global 
transcriptomic changes in residential lung macrophage populations under basal 
conditions. 
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Figure 4.  Bronchoalveolar cell composition is normal in Zcchc6-deficient 
mice during homeostasis. 
To determine if Zcchc6 affects cellular proliferation in the lungs, we isolated 
alveolar cells by bronchoalveolar lavage and found neither a difference in (A) cell 
number nor (B) differential cellular composition. As a second lung macrophage 
population to survey, pleural macrophages did not exhibit any genotype-
dependent changes in differential cell composition nor numbers (C). These 
results demonstrated that homeostatic macrophage numbers are not dependent 
on Zcchc6.   
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Zcchc6 regulated cytokine expression in macrophages during acute 
bacterial infection 
Our data from Zcchc6-/- mice show that under basal conditions, there is no 
difference in alveolar macrophage cell number or differential cellular composition 
in the pulmonary airspaces.  Not only do these data demonstrate the loss of 
Zcchc6 does not impact homeostatic cell numbers in the lungs, but they also 
demonstrate an absence of an elicited innate immune response, which is 
characterized by enhanced numbers of neutrophils. We previously showed that 
Zcchc11 was capable of directing cytokine expression, thus we sought to 
investigate whether loss of Zcchc6 has an impact on lung cytokine expression 
during infection. To test this, we intratracheally infected littermate wildtype and 
Zcchc6-/- mice with Streptococcus pneumoniae serotype 19, which is a strain of 
pneumococcus clinically associated with community-acquired pneumonia 
(Adegbola et al., 2014; Bewick et al., 2012). Lungs were dissected and used to 
isolate total RNA. The expression of a panel of cytokines and chemokines that 
have previously been determined to be critical to the outcome of acute bacterial 
pneumonia, were assayed by qRT-PCR. In contrast to gene expression under 
basal conditions, we observed a significant increase in the expression of IL-6 and 
the neutrophil chemokine CXCL1 in the infected lungs of Zcchc6-/- mice 
compared to their wildtype counterparts (Figure 5A).  
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The lung contains a heterogeneous population of cells, particularly during 
infection due in part to the emigration of innate immune cells to the airspaces. To 
test whether alveolar macrophages themselves exhibit an enhanced production 
of these cytokines during an inflammatory response, we isolated and cultured 
alveolar macrophages then exposed them to the bacterial wall product 
lipopolysaccharide (LPS). Similar to the previous findings, CXCL1 mRNA was 
increased in the absence of Zcchc6 in alveolar macrophages (Figure 5c). To 
determine whether this Zcchc6-dependent regulation of CXCL1 was applicable 
across other macrophage populations, we generated bone marrow-derived 
macrophages (BMDMs) from wildtype and Zcchc6-/- mice. BMDMs were 
subsequently exposed to LPS in vitro. Similarly, we observed an induction of 
CXCL1 at both the mRNA and protein levels in Zcchc6-/- macrophages stimulated 
with LPS (Figure 5B,E). To determine if this response by macrophages was 
pathogen-specific, we repeated these experiments using Sp19 as the stimulus. 
We observed induction of CXCL1 protein in the BMDMs (Figure 5D). These data 
provide evidence that in macrophage populations stimulated with either bacteria 
or bacterial products, Zcchc6 plays a regulatory role in the expression of innate 
immune cytokines and chemokines. 
 
 
 
 
		
56 
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Figure 5. Zcchc6 is required for regulation of cytokine expression in vivo. 
(A) Cytokine transcript expression was measured in the whole lung from Sp19-
infected Zcchc6-/- and Zcchc6+/+ mice. CXCL1 and IL-6 were significantly 
increased in the Zcchc6-deficient animals (n=6,8). To determine if cytokine 
expression was differentially regulated in macrophages specifically, CXCL1 was 
measured in (C) cultured alveolar macrophages (n=5,4) and (B) BMDMs (n=4,3) 
and found to be increased in both populations. CXCL1 protein was increased in 
the media of cultured BMDMs (n=4,3) stimulated with (D) LPS and (E) Sp19, 
indicating that Zcchc6 regulates cytokine expression in macrophages.  
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Enhanced immune response in Zcchc6-deficient mice during 
pneumonia 
An integrated innate host defense response against bacterial infection in the 
lungs is coordinated amongst alveolar macrophages and multiple other 
parenchymal and immune cell types (Hussell et al., 2014; Mizgerd, 2008). Once 
detected in the airspaces, the clearance of S. pneumoniae is heavily dependent 
upon the acute emigration of neutrophils(Craig et al., 2009; Mizgerd, 2002). Our 
data show that the induction of a strong neutrophil chemokine CXCL1 is 
enhanced in Zcchc6-/- mice suggesting that these mice may engage a more 
exuberant host defense. To determine the extent to which Zcchc6 may regulate 
the emigration of neutrophils into the airspaces we intratracheally infected 
littermate wildtype and Zcchc6-/- mice with S. pneumonia serotype 19. After 4 
hours of infection, the identity and number of emigrated cells into the airspaces 
during pneumonia was determined by bronchoalveolar lavage. Consistent with 
increased CXCL1 expression, we observed enhanced total airspace cell 
numbers (Figure 6A) and in particular neutrophils but not macrophages during 
infection in Zcchc6-/- versus WT mice (Figure 6B,C).  
 
With increased CXCL1 expression and more neutrophil emigration in Zcchc6-/- 
mice we anticipated that S. pneumoniae clearance would be increased. After 30 
hours of infection, the lungs isolated from littermate WT and Zcchc6-/- mice were 
homogenized, plated on blood-agarose and cultured to promote the growth of 
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viable bacterial colonies. Unexpectedly, we observed no difference in the rate of 
bacterial clearance between WT and Zcchc6-/- mice during S. pneumoniae 
infection (Figure 6D,E). Taken together, our results provide evidence that 
macrophage Zcchc6 regulates the expression of the neutrophil chemokine 
CXCL1 in addition to the emigration of neutrophils into the airspaces during 
pneumonia. Despite these aberrations in Zcchc6-dependent innate immunity, 
bacterial clearance was unaltered by the integrated host response to pneumonia. 
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Figure 6. Zcchc6 determines neutrophil emigration during Streptococcus 
pneumonia.  
To determine if host defense is impacted by Zcchc6-deficiency, immune cell 
infiltration into the lung was measured during Streptococcus pneumonia. Cell 
differential showed an increase in total cells (A) and specifically neutrophils (C) in 
Zcchc6-/- mice. Integrated host response to pneumonia was equal between 
genotypes, as measured by bacterial clearance following a 30hr infection. Dotted 
line indicates input bacterial colony-forming units (CFU) (D).     
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CHAPTER SUMMARY 
 
In this chapter, we present data generated from the first mouse model of Zcchc6 
deficiency. Contrary to previous reports that Zcchc6 is not expressed in adult 
differentiated tissues (Thornton et al., 2014), we convincingly demonstrate that 
Zcchc6 is highly enriched when compared to Zcchc11 in the adult lung and the 
liver and that Zcchc6 expression is clearly induced during pneumonia in the 
whole lung and myeloid cells, but not epithelial cells. Furthermore, we provide 
evidence for the induction of Zcchc6 during the differentiation of monocytes to 
macrophages. Using microarray analysis, we did not detect a significant 
difference in transcriptomes under basal conditions in the alveolar macrophages 
from Zcchc6-deficient mice versus those from WT mice. However, we observed 
that specific cytokines were induced during pneumonia in the whole lung of 
Zcchc6-deficient mice versus their wildtype littermates. We verified the induction 
of the neutrophil chemokine CXCL1 at both the mRNA and protein level in two 
models of ex vivo-stimulated macrophages.  
  
Given that the chemokine CXCL1 was induced in macrophages lacking Zcchc6, 
we sought to determine whether this finding was associated with enhanced 
neutrophil emigration to the airspaces. Indeed, we determined that there was an 
increased number of neutrophils in the Zcchc6-/- mice after 4 hours of infection. 
With increased innate immune responses in the Zcchc6-/- mice we anticipated 
greater host defense. Despite the induction of cytokines and enhanced immune 
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response to Sp19, we were unable to observe a difference in bacterial clearance, 
which suggested that other innate immune mechanisms compensated for this 
immune dysregulation. In summary, our data suggested that Zcchc6 is induced 
during monocyte to macrophage differentiation to influence the expression of 
select cytokines during pneumonia. 
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CHAPTER 4: ZCCHC6 DOES NOT IMPACT MICRORNA BIOGENESIS BUT 
DOES PHYSICALLY ASSOCIATE WITH RNA 
 
 
microRNA expression in Zcchc6-deficient macrophages 
We have previously shown that the Zcchc11 enzyme is responsible for 
uridylating miRNAs to regulate cytokine expression (Jones et al., 2009). This 
combined with our data showing aberrant cytokine expression in Zcchc6-deficient 
macrophages led us to investigate miRNA expression in these cells. In both of 
our previous studies on Zcchc11 (Jones et al., 2012b; Jones et al., 2009) we 
showed that miRNA sequence, not quantity, was affected by absence of 
Zcchc11. This is in contrast to other studies showing that deficiency of both 
Zcchc11 and Zcchc6 affects biogenesis of the Let-7 family miRNAs (Hagan et al., 
2009; Heo et al., 2012; Thornton et al., 2012; Thornton et al., 2014). To 
determine whether mature microRNA quantities were affected by Zcchc6-
deficiency, we measure expression of two Let-7 family members by qRT-PCR in 
cultured alveolar macrophages (Figure 7A). Neither Let-7a or Let-7b expression 
was changed due to Zcchc6-deficiency. Neither miRNA was differentially 
expressed in BMDMs with or without LPS stimulation (Figure 7B,C). These 
findings are consistent with our published results showing absence of differential 
miRNA expression in Zcchc11-deficient livers, suggesting that regulation of 
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mature miRNA biogenesis is not affected by TUTase deficiency in terminally 
differentiated tissues. 
 
 
 
 
 
 
 
		
66 
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Figure 7. Zcchc6 does not affect miRNA expression in macrophages. 
(A) Equal expression of two Let-7 miRNA family members, Let-7a and Let-7b, 
was measured in alveolar macrophages (n=2,2). (B,C) Expression of these 
miRNAs was also measured in BMDMs in unstimulated conditions and after 6 
hours of exposure to LPS (n=7,6), showing no difference in expression.   
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Crosslinking immunoprecipitation (CLIP) to determine Zcchc6 RNA 
binding capabilities 
It has been shown that Zcchc6 can bind and uridylate RNA using in vitro systems 
(Hagan et al., 2009; Thornton et al., 2014), but this process has not been shown 
for the endogenous Zcchc6 enzyme in a cellular context. We used an innovative 
crosslinking immunoprecipitation (CLIP) protocol to address whether Zcchc6 
binds RNA directly and to assemble a comprehensive overview on the effect of 
Zcchc6 on RNA quantity in cells (Huppertz et al., 2014). In this protocol, either 
differentiated U937 cells or whole lung from Zcchc6+/+ and Zcchc6-/- mice were 
irradiated and the resulting protein-RNA complexes pulled down using Zcchc6 
antibody-coupled beads (Figure 8A). This process ensures only Zcchc6-bound 
RNAs are present in the reaction. The RNA from these complexes is then 
radiolabelled, electrophoresed through an SDS-PAGE gel, and transferred to 
nitrocellulose membrane. The membrane is then exposed to film to visualize the 
labeled RNA. We were able to visualize labeled RNA at the predicted size of the 
Zcchc6 protein, (Figure 8B). The lack of signal in the IgG- samples indicated that 
this RNA was specifically associated with Zcchc6. Interestingly, the signal 
appeared to be a doublet and was much dimmer than expected so to investigate 
this, we stained the gel for total protein (Figure 8C) and blotted for Zcchc6 
specifically (Figure 8D). These experiments indicated that there appears to be a 
nonspecific contaminant that is slightly higher in size than Zcchc6 in all reactions 
including the IgG control, but not in the Zcchc6-/-. The preliminary data 
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determined from these experiments provides evidence that Zcchc6 binds RNA in 
vivo, however further experiments will be needed to determine with which RNAs 
Zcchc6 is binding.   
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Figure 8. Immunopurified Zcchc6 associates with RNA in vivo. 
(A) Immunoprecipitation of Zcchc6 protein from U937 cells. Lane 1: Total cell 
lysate; Lane 2: Immunoprecipitation of IgG as control; Lane 3: Zcchc6 
immunoprecipitation; Lane 4: Post-IP showing depletion of Zcchc6 protein. (B) 
CLIP experiment showing radiolabeled RNA bound to precipitated IgG (Lane 1) 
and Zcchc6 (Lane 2) protein from U937 cells. (C) Sypro staining of SDS-PAGE 
revealed a non-specific contaminant in all reactions, including IgG control (Lane 
3). Two concentrations of RNase were tested in both Zcchc6+/+ (Lane 1,2) and 
Zcchc6-/- (Lane 4) mouse lung samples (D) Western blot for Zcchc6 following 
CLIP protocol from mouse lungs shows a non-specific band in IgG control (Lane 
7) and Zcchc6+/+ mice regardless of RNase concentration (Lane 1, 3) although 
this band is absent in Zcchc6-/- mice (Lane 5, 6) and in all post-IP samples (Lane 
2, 4).    
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CHAPTER SUMMARY 
The ability of the Zcchc6 enzyme to preferentially bind UTP has been shown in 
several reductionist systems (Heo et al., 2012; Thornton et al., 2012; Thornton et 
al., 2014). In this chapter, we set out to determine with which RNAs the 
endogenous Zcchc6 protein is interacting in a physiological capacity using whole 
lung from Zcchc6+/+ and Zcchc6-/- mice and the human monocytic cell line U937. 
In both systems, we showed efficient immunoprecipitation of endogenous Zcchc6 
from protein lysate. We showed that radiolabeled RNAs associate with Zcchc6 
immunoprecipitated from protein lysate. Our ability to isolate RNA from these 
experiments was hindered, possibly by the existence of a non-specific band 
close in size to Zcchc6. Future studies will be conducted to identify the 
sequences of Zcchc6-bound RNAs. These experiments provide, to our 
knowledge, the first evidence for a physical interaction between Zcchc6 and RNA 
in an in vivo setting.   
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CHAPTER 5: ORGANISMAL SIZE IS ENHANCED IN ZCCHC6-DEFICIENT 
MICE 
 
 
Differential body weight of Zcchc6-deficient mice 
We previously reported that Zcchc11 regulates growth in neonatal mice (Jones et 
al., 2012b). To determine if the Zcchc6-deficient mice displayed the same 
phenotype, we measured total body weight in these animals throughout life. In 
contrast to Zcchc11-mutant mice, we found that male Zcchc6-deficient mice were 
significantly larger in body size when compared to their age-matched wildtype 
littermates (Figure 9A). Interestingly, female Zcchc6-deficient mice are equal 
size to their wildtype littermates (Figure 9B). This phenotype is persistent 
throughout life. In the Zcchc11 model, we found abberant IGF-1 growth hormone 
expression in the livers of young mice; by adulthood, IGF-1 levels were 
comparable to wildtype. To determine if IGF-1 was also responsible for the 
increase body weight of the Zcchc6-deficient mice, we measured IGF-1 mRNA in 
the liver and circulating IGF-1 in the serum of adult mice (Figure 9C,D). We 
observed no difference in either measurement. To test whether upstream signals 
were differentially regulated in these mice, we measured growth hormone (GH) in 
the blood. Similar to the Zcchc11-mutant mice, we observed no difference in the 
Zcchc6-deficient animals (Figure 9E).  
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Figure 9. Male Zcchc6-deficient animals are larger than their wildtype 
littermates. 
Weights of (A) male and (B) female Zcchc6-deficient mice and wildtype 
littermates were collected as designated time points. Data are displayed as the 
mean weight for each age **p<0.05. (C) IGF-1 mRNA expression in the livers of 
adult mice (n=5,4). (D) IGF-1 (n=11,6) and (E) growth hormone (n=4,2) 
expression measured in the serum of adult mice (not significant). No significant 
difference in expression was found in any of these experiments. 
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Testicular size difference and breeding defects 
The Zcchc11-interacting protein Lin28a has been implicated in germ cell 
development and fertility (Shinoda et al., 2013), suggesting a role for TUTase 
proteins in regulating development processes. Similarly, we found that Zcchc11 
contributes to testicular mass and mature sperm development (see Chapter 7). 
We investigated this phenotype in the Zcchc6-deficient mice and observed the 
same difference in testicular size (Figure 10A). In contrast to the Zcchc11-
mutant mice, the Zcchc6-deficient mice are born in Mendelian ratio (Figure 10B). 
We were unable to obtain viable progeny from Zcchc6-mutant homozygous 
breeding pairs, a phenotype that is mirrored in the Zcchc11-deficient mice 
(Figure 10C). Further experiments will be needed to determine if testes from 
Zcchc6-deficient mice portray the same impairment in mature sperm as the 
Zcchc11-deficient mice. 
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Figure 10. Breeding deficiency in Zcchc6-deficient mice.  
(A) Testicular size is decreased in Zcchc6-/- mice. Data are displayed as weight of 
testes divided by total body weight to account for body weight differences 
between Zcchc6-/- and Zcchc6+/+ mice. (B) Number of pups per genotype was 
monitored for one year from Zcchc6+/- x Zcchc6+/- breeders. The results are 
displayed for each genotype as percentage of total pups, showing the expected 
50% Zcchc6+/-, 25% Zcchc6+/+ and 25% Zcchc6-/-. (C) Total number of pups born 
for each breeding pair was monitored over time. Data are displayed as the 
average number of pups born for each breeding pair.        
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CHAPTER SUMMARY 
In this chapter, we investigated the role of Zcchc6 in regulating growth and 
development. Given the importance of the homologous enzyme Zcchc11 in these 
processes (Jones et al., 2012b), we hypothesized that Zcchc6 would play an 
equally essential role. We found that Zcchc6-deficient mice display the same 
testicular size and breeding defects as the Zcchc11-deficient mice. However, we 
found that Zcchc6-deficient mice exhibit enhanced growth compared to age-
matched wildtype mice. Given our previous data showing that Zcchc6 is enriched 
in the lungs and liver, the possibility remains that loss of Zcchc6 cannot be 
compensated for by the expression of Zcchc11. We previously published on the 
impact of Zcchc11 on IGF-1 expression to regulate growth. We determined that, 
similar to the Zcchc11-deficient mice, IGF-1 is normally expressed in livers and 
serum from adult Zcchc6-deficient mice. The Zcchc11-deficient mice displayed 
aberrant IGF-1 at eight days post birth; levels returned to normal by adulthood. 
Future experiments will be needed to determine if young Zcchc6-deficient mice 
display aberrant IGF-1 earlier in development. Together, these experiments 
suggest divergent roles for these proteins in the processes of growth and 
development. 
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CHAPTER 6: ZCCHC11 URIDYLATES MATURE MICRORNAS TO ENHANCE 
NEONATAL IGF-1 EXPRESSION, GROWTH, AND SURVIVAL 
 
 
Zcchc11 does not affect mature miRNA quantities 
We derived a line of mutant mice from embryonic stem cells carrying a gene-trap 
insertion in the fourth intron of the 31st exon Zcchc11 gene (Stryke et al., 2003). 
This mutation was upstream of all known protein domains and effectively ablated 
Zcchc11 expression. Because Zcchc11 is necessary to limit let-7 in embryonic 
stem cell lines (Hagan et al., 2009; Heo et al., 2009), we anticipated that its loss 
might be incompatible with development and viability in utero. Surprisingly, there 
was no evidence of decreased fitness through gestation, with offspring from 
heterozygous parents born in Hardy-Weinberg equilibrium and displaying normal 
morphology and weights (Jones et al., 2012b). Furthermore, we observed no 
increase in let-7 content in Zcchc11-deficient embryonic stem cells compared to 
embryonic stem cells that were wild type or heterozygous for Zcchc11 (Figure 
11A). Thus, Zcchc11-deficient embryonic stem cells were not disadvantaged, 
and Zcchc11 is dispensable for embryonic stem cell maintenance.  
 
Since Zcchc11-mediated uridylation of let-7 precursors in embryonic stem cells 
diminishes mature let-7 abundance (Hagan et al., 2009; Heo et al., 2009), we 
expected to observe increased quantities of these and perhaps other miRNAs in 
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the Zcchc11-deficient livers. Instead, all detectable miRNAs exhibited a strong 
correlation in quantity between wild type and Zcchc11-deficient mice. There were 
no significant differences due to genotype in the content of any mature miRNA in 
the liver. Cross-method validation using qRT-PCR analyses of representative 
miRNAs of interest confirmed that levels of let-7a, let-7b, let-7c, miR-122, miR-
139, and miR-379 were equivalent (Figure 11B). Because mature miRNA levels 
were unchanged, we considered that Lin28 proteins might be absent from these 
tissues. While Lin28a was undetectable, Lin28b was present in young mouse 
livers and was unaffected by Zcchc11 deficiency (Figure 11C). This may be 
relevant, since Lin28a is more specifically tied to Zcchc11 regulation of let-7, 
relating to cytoplasmic localization (Piskounova et al., 2011). Altogether, the 
present data suggest that abrogation of Zcch11 expression does not influence 
mature miRNA abundance, including let-7 family members. 
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Figure 11. Zcchc11 deficiency does not affect quantities of mature miRNAs 
or miRNA–related proteins  
(A) Let-7 content in primary embryonic stem cell (ESC) cultures that were wild 
type (+/+), heterozygous (+/-), or deficient (-/-) in Zcchc11 expression, showing 
no significant effects of genotype (by two-way ANOVA). (B) Quantitative RT-PCR 
was used to measure the expression of several miRNAs including some 
implicated in Zcchc11 pre-miRNA uridylation (Let-7), those highly expressed in 
the livers (miR-122), and those showing trends towards change in the deep 
sequencing data (miR-139 and miR-379), revealing no difference between 
genotypes. (C) Immunoblots for Lin-28 family members in the livers and skeletal 
muscles of 8 day old Zcchc11+/+ and Zcchc11-/- mice revealed no effects of 
Zcchc11 deficiency. Actin was measured as a loading control. For all blots, each 
lane represents the RNA or protein from a separate individual of the indicated 
age and genotype. 
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MicroRNA silencing of IGF-1 is inhibited by terminal uridine addition 
Of the multiple miRNAs which had terminal uridines that required Zcchc11 in our 
deep sequencing datasets and were predicted to target the 3’ UTR of IGF-1 
(Jones et al., 2012b), we examined the ability of 4 (miR-126-5p, miR-194-2-3p, 
miR-379 and Let-7d) to suppress IGF-1 expression. Cells were co-transfected 
with the IGF-1 3΄-UTR luciferase reporter construct along with either miRNA 
mimetics or a control non-targeting sequence. MiR-126-5p, miR-194-2-3p, and 
miR-379, but not Let-7d, significantly silenced the IGF-1 reporter (Figure 12A). 
We next assessed the influence of terminal uridine additions on the silencing 
activity of these miRNAs by comparing the effects on the IGF-1 reporter of 
unmodified miRNA mimetics to those with 2 uridines added onto the 3΄ end. The 
uridylation of miR-126-5p or miR-379 significantly diminished IGF-1 silencing by 
these miRNAs, while uridylation of miR-194-2-3p had no effect (Figure 12B). 
These data demonstrate that uridylation of specific miRNA species may influence 
silencing. Interestingly, varying the length of the terminal uridine tail, to reflect the 
different forms observed for each of these miRNAs in our deep sequencing 
datasets, had minimal impact for both miR-126-5p and miR-379 (Figure 12C-D), 
demonstrating that even a single uridine is sufficient to mitigate silencing by 
these miRNAs. Terminal uridylation did not completely eliminate silencing effects, 
suggesting that these end modifications provide tuning ability rather than a binary 
on-off switch. The effects of adding uridine(s) to the 3΄ terminus were modest in 
comparison to the effects of altering bases in the seed region of the 5΄ terminus, 
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which completely eliminated repression of the IGF-1 3΄-UTR reporter (Figure 
12E), indicating that the effects described here reflect a scaling of canonical 
miRNA activity. Interestingly, when 2 miRNAs targeting the IGF-1 3΄-UTR were 
simultaneously co-transfected, silencing was minimally influenced if only 1 of the 
2 was uridylated, but it was very effectively attenuated when both were uridylated 
(Figure 12F). These data indicate that uridylation events have cumulative effects 
across the set of miRNAs targeting a given 3´-UTR. The combination of such 
effects provides a wide dynamic range over which expression can be tuned. 
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Figure 12. Uridylation of select miRNAs relieves silencing of the IGF-1 3’ 
UTR.  
To assess miRNA targeting of IGF-1 the firefly luciferase reporter carrying the 
IGF-1 3’UTR and control Renilla Luciferase (for normalization) were co-
transfected into H1299 cells with various miRNA mimetics. (A) Mimetics for miR-
126-5p, miR-194-2-3p and miR-379 effectively targeted the IGF-1 39-UTR, while 
Let-7d did not. *p<0.05 vs. control, N = 3, by one-way ANOVA. (B) Mimetics of 
miR-194-2-3p, miR-126-5p, and miR-379 with or without 2 3’ uridine residues 
were used to assess the impact of uridylation on the effect of silencing by these 
miRNAs, revealing that uridylation diminished silencing by miR-126-5p and miR-
379 but not miR-194-2-3p. *p<0.05 vs. mature by two-way ANOVA by student’s t-
test, N = 4. (C–D) miR-126-5p or miR-379 mimetics bearing 0, 1, 2, or 4 terminal 
uridines show a maximal effect on miRNA silencing by a single uridine addition. 
Sequences reflect those identified in sequencing libraries. *p<0.05 vs. control by 
one-way ANOVA, N = 4. (E) Unlike terminal uridylation, mutation of two bases in 
the seed sequence of miR-126-5p completely reversed silencing of the IGF-1 39-
UTR. (F) Non-uridylated or dual-uridylated mimetics of miR-126-5p and miR-379 
illustrate the combinatorial role of multiple uridylated miRNAs targeting the same 
transcript. *p<0.05 vs control by one-way ANOVA, N = 4. 
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CHAPTER SUMMARY 
In this chapter, we found that Zcchc11 is widely expressed across multiple 
tissues shortly after birth and that in neonatal mice Zcchc11 deficiency results in 
a failure to thrive, associated with diminished IGF-1 expression. Mice with a 
complete IGF-1 deficiency have perinatal lethality and decreased growth rates 
(Baker et al., 1993; Liu et al., 1993), consistent with, but more severe than, the 
phenotypes observed in the Zcchc11-deficient mice. Like the Zcchc11-deficient 
mice, genetic engineering that reduces but does not eliminate IGF-1 signaling 
causes proportionally decreased growth (Holzenberger et al., 2000; Lembo et al., 
1996). Zcchc11 deficiency results in decreased uridylation of miRNAs in the liver, 
including miRNAs that target the IGF-1 3’-UTR. Gene expression tied to this 3’-
UTR is enhanced by the uridylation of miRNAs or the increased expression of 
Zcchc11.  
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CHAPTER 7: ZCCHC11 DRIVES MOUSE TESTICULAR DEVELOPMENT AND 
SPERMATOGENESIS 
 
 
Zcchc11 mutant mice exhibit hypomorphic testes 
Although Zcchc11-mutant animals are born in Mendelian ratios, pups exhibited 
approximately 50% mortality within the first few days of life, and survivors grew 
slower than their wildtype littermates. All internal organs analyzed were 
proportionally affected (see Chapter 7). We also observed that if homozygous 
male Zcchc11-/- or homozygous female Zcchc11-/- were bred to other Zcchc11-
deficient mice or even wildtype mice, very few offspring if any were produced. 
These initial insights into a potential reproductive phenotype spurred further 
analysis of the reproductive organs. We confirmed that Zccch11 protein levels 
were ablated at both the mRNA and protein levels in testes from postnatal Day 0 
pups (P0) and adult mice (Figure 13A,B). After collecting testes for this analysis 
we visually perceived a decrease in testes size from Zcchc11-mutant mice 
compared to that of their wildtype littermates. Whole testis weights were 
determined as were animal weights statistical analyses were conducted to 
confirm our first impression of Zcchc11-dependent hypomorphic testes (Figure 
13C,D). 
 
 
		
90 
 
 
 
  
		
91 
Figure 13. Testicular size is determined by Zcchc11.  
(A) qRT-PCR analysis of Zcchc11 expression in P0 (n=4,8 p=0.0002) and 8 
week (n=3,3 p=0.0333) testes of Zcchc11+/+ and Zcchc11-/- animals. (B) Protein 
expression is completely ablated in testes of Zcchc11-deficient mice. (C,D) Mass 
of Zcchc11-/- testis is decreased approximately 50% in adult mice. This decrease 
is maintained throughout life. 
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Spermatogenesis is impaired by Zcchc11 deficiency 
Hypotrophic testes are associated with several fertility and developmental 
phenotypes (Cooke et al., 2002). As reported previously, the germ cell pool and 
thus fertility was compromised in both male and female mice deficient in the 
Zcchc11-associated protein Lin28a (Shinoda et al., 2013). Given the phenotypes 
of poor breeding and hypertrophic testes, we investigated testicular structure of 
eight-week-old Zcchc11-mutant mice using H&E staining. By gross anatomic 
visualization we observed that the tubules were intact in the Zcchc11-/- mice but 
they appeared much less organized (Figure 14).  Germ cell differentiation also 
appeared disorganized and Zcchc11-/- mice exhibited much less mature sperm 
compared to that of wildtype male littermates. Furthermore, the testicular 
phenotype persisted throughout adulthood (Figure 14). These results suggest 
that Zcchc11 is required for normal spermatogenesis. 
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Figure 14. Impaired spermatogenesis in adult Zcchc11-/- mice 
H&E staining of 8 week (A) and 1 year (B) Zcchc11+/+ and Zcchc11-/- testes 
shows disorganization of seminiferous tubules. The tubules of mutant mice also 
contain less mature sperm. Vacuolization is also present in the mutants. This 
phenotype first appears at P28 (not shown), immediately after the first meiotic 
cycle, and is persistent throughout adulthood.  
  
  
		
95 
Progression through meiosis is halted in Zcchc11-mutant mice 
To pinpoint the developmental timing of sperm maturation impairment, we 
performed immunohistochemistry on testes sections for the mouse Vasa 
homolog (MVH) gene. This gene has been shown to be essential for maturation 
of viable sperm; sperm from mice deficient in MVH undergo premature apoptosis 
during the zygotene stage of development (Kuramochi-Miyagawa et al., 2010). In 
testicular sections from eight-week-old Zcchc11-/- mice, staining for MVH 
revealed no difference in the number of germ cells, however MVH expression 
appears dispersed throughout the cytoplasm (Figure 15A). Expression of MVH 
in the testes was consistent between genotypes (Figure 15D). The testis is a 
highly organized structure (Brennan et al., 2004; Svingen et al., 2013). 
Interestingly, in the mutant testes, MVH appears to be expressed in more cells 
overall compared to wildtype, which indicated that these cells could be stalled in 
meiosis. Staining for phosphorylated H2AX, a marker for DNA double strand 
breaks (Kinner et al., 2008; Sharma et al., 2012), revealed an increase in the 
Zcchc11-/- testes (Figure 15B). Taken together, hese experiments indicated that 
Zcchc11-/- germ cells underwent apoptosis.  
 
We next investigated transposable element expression in the testes. A subset of 
germ cell-specific small RNAs called piRNAs are generated from these genetic 
repetitive elements, and it has been shown that piRNAs can regulate germ cell 
maintenance and transposon silencing(Aravin et al., 2007; Houwing et al., 2007). 
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Transposable element RNA expression in the testes was unchanged between 
wildtype and Zcchc11-/- mice; and increase in expression would have indicated a 
possible role for piRNAs in the germ cell phenotype of these mice (Figure 15C). 
Expression of Orfp1, the protein encoded from the LINE-1 retrotransposon 
(Martin, 2014), was also unchanged in these (Figure 15D). This indicated that 
piRNAs are unlikely to be responsible for the germ cell apoptosis in these mice. 
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Figure 15. Premature apoptosis in adult Zcchc11-/- testes  
Immunofluorescence staining for MVH reveals no difference in germ cell number, 
but MVH appears to spread into the cytoplasm in the mutant testes (A). 
Immunoflourescence staining appears to show an increase in yH2AX in 8 week 
Zcchc11-/- mice, indicating an increase in double strand breaks (B). qRT-PCR 
and Western blot analyses show no difference in transposable element, MVH, or 
Dicer expression (C,D). An increase in transposable element expression would 
indicate a possible role for piRNAs in the phenotype. 
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Deep sequencing analysis from testes shows no impact of Zcchc11-
deficiency on miRNA quantity 
A role for Zcchc11 in stem cell miRNA biogenesis has been previously described 
(Hagan et al., 2009; Heo et al., 2009). We performed deep sequencing analysis 
on RNA from the testes of Zcchc11+/+ and Zcchc11-/- mice to determine if miRNA 
quantity was affected by Zcchc11-deficiency. Because germ cell disorganization 
in these mice appears as early as P28 and because a molecular phenotype 
typically precedes the manifestation of a physical phenotype, we sequenced 
miRNA quantities from P0 testes. Surprisingly, we were unable to find global 
differential expression of miRNAs in the Zcchc11-deficient testes (Figure 16C). 
Subtle changes in individual miRNA expression may be overshadowed in global 
determinations of expression, so we then measured expression of four Let7 
family members in these testes. Although expression is trending towards a 
decrease in the Zcchc11-deficient testes, none of the miRNAs we measured 
were significantly different (Figure 16A). We also measured miRNA levels from 
P14 testes and, unexpectedly, observed an increase in expression (Figure 16B). 
This indicated that global miRNA expression is unchanged in Zcchc11-deficient 
testes and other molecular pathways are most likely responsible for the germ cell 
disorganization and apoptosis present in these mice. Further studies will be 
performed to analyze the degree to which mature miRNAs are uridylated in the 
absence of Zcchc11.  
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Figure 16. Mature miRNA expression in unaffected in perinatal Zcchc11-/- 
testes 
(A, B) Let-7 family mature miRNA expression was measured in individual qRT-
PCR assays from P0 and P14 mice. No statistically significant difference was 
observed in the P0 testes, yet Let-7 miRNA levels were increased by day P14. 
(C) Mature miRNA content in P0 Zcchc11-/- and Zcchc11+/+ testes was 
determined by deep sequencing. RNA from four testes from each genotype was 
isolated and pooled to create RNA libraries. Data are presented as the 
transformed means of global miRNA expression.  
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Expression of TUT enzymes in human testicular seminoma 
Aberrant Lin28a/b expression is a defining molecular feature in many human 
cancers (Shyh-Chang et al., 2013; Viswanathan et al., 2009; Zhou et al., 2013). 
Based on our findings of hypomorphic testes in both Zcchc11-/- and Zcchc6-/- 
mice and that Zcchc11 promotes cell proliferation (Blahna et al., 2011) we 
hypothesized that the TUTs themselves may be required for normal tissue 
homeostasis in humans. We obtained both normal and malignant testicular 
specimens from human males (samples were de-identified and obtained from the 
Cooperative Human Tissue Network). Testicular specimens were pathologically 
verified as normal or seminoma malignant. As previously reported, we observed 
minimal expression of both Lin28a and Lin28b proteins in the normal tissues and 
a significant induction in the seminoma samples (Figure 17A). Zcchc6 was 
consistently expressed at a measurable level across all samples, while Zcchc11 
was decreased in the seminoma malignant testes (Figure 17A). This suggests 
that Zcchc11 is negatively regulated in human testicular. Given that let-7 can also 
regulate tumorigenicity, we next measured let-7 miRNA expression in these 
samples. All let-7 family members measured trended toward decrease in the 
seminoma samples compared to normal tissue. This is consistent with previous 
findings showing that reduced let-7 levels are associated with tumorigenicity 
(Johnson et al., 2005; Lee et al., 2007; Yu et al., 2007a). The data from these 
experiments have broad implications for the roles of TUTs during normal tissue 
homeostasis.  
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Figure 17. Differential expression of Zcchc6 and Zcchc11 in human 
testicular seminoma 
Protein and RNA were purified from normal and malignant human testes and 
subjected to analyses. (A) Western blot for Lin28a and Lin28b shows induction of 
both proteins in seminoma samples. Zcchc6 appears consistently expressed 
across all samples, while Zcchc11 is decreased in the malignant testes. (B) qRT-
PCR measurements for Let-7 family miRNAs in seminoma samples compared to 
normal. Data are displayed as fold induction in seminoma versus normal tissue. 
No miRNA measured was found to be significantly differentially expressed by 
one way ANOVA.   	
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CHAPTER SUMMARY 
In this chapter, we investigated the requirement of the Zcchc11 enzyme for 
normal progression of spermatogenesis. Zcchc11-/- mice display aberrant 
neonatal growth, however this phenotype is systemic and the size of individual 
organs is proportional to total body weight (Jones et al., 2012b). The testes, 
however, are 50% smaller than their wildtype littermates and that is normalized to 
body weight. After sectioning and staining wildtype and mutant testis, we 
observed disorganized seminiferous tubules beginning at day P28 and continuing 
throughout adulthood, along with decreased mature sperm. Immunoflourescent 
staining revealed no difference in the number of germ cells, but an increase in 
double-strand breaks, indicating these cells may be undergoing premature 
apoptosis. Previous reports have implicated Zcchc11 in biogenesis of pre-let-7 in 
stem cell lines (Hagan et al., 2009; Heo et al., 2009), so we anticipated that 
miRNA biogenesis would be affected in these animals. However, we deep 
sequenced miRNAs from P0 testes and were unable to find global differences 
between Zcchc11-deficient animals and wildtype. We also investigated Zcchc11 
in human testicular seminoma and found decreased expression in malignant 
tumor samples versus normal tissue.  These studies suggest that although 
Zcchc11 is required for normal testicular growth and development, it is 
dispensable for miRNA biogenesis.  
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CHAPTER 8: DISCUSSION 
 
In this study, we aimed to determine biological roles for the terminal 
uridyltransferase proteins Zcchc6 and Zcchc11 in integrated animal models. To 
date, the function of these enzymes has only been illustrated in in vitro systems. 
To address how these TUTs function in living systems, we created two 
constitutive models of TUT-deficiency, Zcchc6-/- and Zcchc11-/- mice, and 
characterized phenotypes during normal homeostasis and during infectious 
stress.   
 
TUTs regulate organismal growth and survival 	
One of the salient phenotypes observed with the Zcchc11-/- mice was that 
proportional organismal growth was retarded in both sexes. Upon further 
investigation, we found that Zcchc11 mutant mice exhibited decreased neonatal 
IGF-1 signaling, which was associated with decreased numbers of uridylated 
mature miRNAs that target IGF-1 (Jones et al., 2012b). In contrast to the 
Zcchc11-/- mice, we observed that male Zcchc6-/- mice are significantly larger 
than their wildtype, age-matched littermates. Furthermore, we did not observe 
any hint of perinatal lethality.	We interpreted these results as providing evidence 
for the functional role of TUT biology in organismal growth.  Both Zcchc11 and 
Zcchc6 are large, multifunctional proteins, that are capable of uridylating RNA 
substrates other than miRNA (Schmidt et al., 2011) as well as the ability to exert 
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uridylation-independent activities (Blahna et al., 2011). All of these factors may 
contribute to the complex phenotypes of TUT-deficient mice. The decreased 
growth rate of Zcchc11-deficient mice is complementary to the increased growth 
rate observed in Lin28a- overexpressing transgenic mice (Zhu et al., 2010). 
These similarities support the concept that Zcchc11, Zcchc6, and Lin28 are 
involved in overlapping pathways in vivo. However, the suggestion that Zcchc11-
Lin28 interactions may be essential for embryonic stem cell maintenance (Hagan 
et al., 2009; Heo et al., 2008; Heo et al., 2009) was not supported by our 
observation that Zcchc11 deficiency does not impact growth or survival during 
embryogenesis; the Zcchc6-deficient mice also fail to portray this phenotype. 
Like Zcchc11, Lin28 proteins are particularly expressed in the tissues of young 
mice (Yokoyama et al., 2008). It will be of great interest to learn whether mice 
with deficiencies in Lin28a, Lin28b or both have phenotypes involving perinatal 
lethality and aberrant growth, as observed with the TUT-deficient mice. 
 
Untemplated uridines and adenines on mature miRNAs are consistent findings in 
deep sequencing analyses (Burroughs et al., 2010; Landgraf et al., 2007), but the 
mechanisms and significance of such terminal additions have been difficult to 
discern. Previous in vitro studies had suggested that Zcchc11 and Zcchc6 are 
enzymes capable of end-modifying mature miRNAs and that miRNA sequence 
variety might regulate transcript expression (Jones et al., 2009; Wyman et al., 
2011). The only other mouse model of PAP mutation, mice deficient in 
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PAPD4/GLD-2, has no reported growth or survival phenotype (Katoh et al., 2009; 
Nakanishi et al., 2007). Along with our data that other PAPs were expressed in 
the neonatal livers of the Zcchc11- deficient mice, these findings conclusively 
demonstrate that the different PAPs have unique and non-overlapping roles in 
vivo. Unlike GLD-2, Zcchc11 is critical for thriving through the neonatal period, 
likely due in part to its ability to enhance hepatic IGF-1 expression. In embryonic 
stem cell lines, Zcchc11 knockdown increases let- 7 levels, due to Zcchc11-
mediated uridylation of precursors (Hagan et al., 2009; Heo et al., 2009). The 
Zcchc11-deficient mice allowed the examination of miRNA regulation in primary 
cells of living animals, and they revealed that Zcchc11 is not an essential 
determinant of mature let-7 or any mature miRNA quantity in the neonatal liver. 
Furthermore, insertional mutagenesis of Zcchc11 did not increase let-7 quantities 
in primary embryonic stem cells derived from these mice. The relationships 
among these terminal uridyltransferases (Zcchc11 and Zcchc6), Lin28 proteins (a 
and b), and let-7 miRNAs in embryonic stem cells are complex and dynamic 
(Melton et al., 2010; Thornton et al., 2012). The present data show that Zcchc11 
and Zcchc6 are not absolute requirements for stem cell maintenance or low 
levels of let-7. In contrast to the unchanged abundance of miRNAs in the liver, 
mature miRNA lengths and sequences were altered by Zcchc11 deficiency. 
Mature miRNAs in the liver were longer and more likely to end in uridine, 
including untemplated uridines, when Zcchc11 was present (Jones et al.). Thus, 
our data showed that Zcchc11 functions to uridylate mature miRNAs in vivo. In 
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addition to providing unprecedented evidence of an enzyme actively uridylating 
the 3’ terminus of miRNAs in vivo, these mice yield new insights into the scope of 
Zcchc11 modification of the miRNome. Rather than targeting only one individual 
miRNA, as has been previously documented for Zcchc11 and other PAPs 
(Burroughs et al., 2010; Jones et al., 2009; Katoh et al., 2009), we show here 
that Zcchc11 targets the 3’ terminus of multiple miRNAs. This broad substrate 
repertoire dramatically increases the potential targeting power of Zcchc11. 
Importantly, most of the end-modifications observed varied by a small number of 
terminal nucleotides, and we observed that even a single uridine addition was 
sufficient to alleviate silencing activity. Such mono- uridylation by Zcchc11 
appears to distinguish the effect of Zcchc11 on mature miRNAs from that 
described for pre-miRNAs, which is processive and results in a string of uridines 
being added (Heo et al., 2009; Yeom et al., 2011). Our data further expand our 
understanding of the molecular implications of miRNA uridylation by 
demonstrating that coordination of miRNA uridylation events across a 3’-UTR 
have combinatorial effects. The ability to adjust the silencing activity of many 
miRNAs targeting one transcript provides a wide dynamic range for enhancing 
gene expression. The exonuclease Nibbler was recently identified as capable of 
shortening miRNAs by removing terminal nucleotides (Han et al., 2011; Liu et al., 
2011). Such enzymes may counter-balance the nucleotidyltransferase activities 
of PAPs like Zcchc11. The abundance and remarkable stability of miRNAs 
		
110 
suggest that mechanisms regulating miRNA activity are crucial, but they are only 
beginning to be elucidated (Kim et al., 2010). 
 
We propose that the miRNA 3’ terminus functions as a critical regulatory node 
that is remodeled by diverse enzymes to adjust miRNA silencing and tune gene 
expression. The present results supported this nascent paradigm by 
demonstrating essential in vivo roles of Zcchc11 in miRNome remodeling and 
postnatal development.  
 
 
TUT-mediated regulation of spermatogenesis and fertility 
 
The suggested importance of TUT enzymes in stem cell maintenance and our 
findings on aberrant growth in TUT-deficient mice led us to examine germ line 
development in these mice. We determined that testes size was decreased by 
50% in both models of TUT-deficiency. Despite the systemic aberrant growth 
observed in these mice, the testis was the only individual organ examined that 
displayed this growth deficiency. In the Zcchc11 model, we observed 
disorganized seminiferous tubules beginning at P28 and a lack of mature sperm 
in adult mice. To our knowledge, this is the first study describing the requirement 
of TUT proteins for spermatogenesis. In stem cell lines and in vitro systems, 
Zcchc11 is capable or uridylating pre-let-7, which contributes to biogenesis of this 
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miRNA family. We hypothesized that a deficiency in uridylation of miRNAs could 
be responsible for this phenotype, however deep sequencing analysis of global 
miRNA expression revealed no differences in mature miRNA content, suggesting 
Zchcc11 is dispensable for mature miRNA biogenesis in this tissue. We did not 
analyze the 3’ end modifications of miRNAs or mRNAs in the testes, which could 
provide more clues as to the effect of Zcchc11-deficiency on uridylation. We also 
cannot rule out the impact of Lin28. Expression of this protein, like Zcchc11, is 
mainly restricted to tissues early in development, which suggests a potential 
overlap in function. A murine model of Lin28-deficiency displays aberrant growth 
(Shinoda et al., 2013), which provides more evidence for the theory of an 
overlapping function between these proteins. However, we did not observe 
compensatory expression of either Lin28 protein in response to Zcchc11 
deficiency. Lin28 itself does not appear to have uridylation capacity (Heo et al., 
2008; Viswanathan et al., 2008), which suggests other unknown proteins or 
mechanisms are able to overcome TUT deficiency.  
 
Aberrant Lin28 expression is a molecular hallmark in cancer (Shyh-Chang et al., 
2013; Viswanathan et al., 2009; Yu et al., 2007a); in order to determine if 
Zcchc11 shares this phenotype, we measured expression in human testicular 
seminoma samples. Zcchc11 was decreased in these samples compared to 
normal tissue, suggesting that Lin28 antagonizes Zcchc11. Given that Zcchc11 
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regulates miRNA biogenesis, a decrease in let-7 miRNA levels in these samples 
provides further evidence for the Lin28/Zcchc11 axis.      
 
 
Zcchc6 regulation of cytokine expression during infectious stress  
We presented the first evidence of immune response regulation by the 
uridyltransferase Zcchc6. We showed that Zcchc6 is highly expressed over 
Zcchc11 in the lung and the liver. We further showed that Zcchc6 is induced 
during pneumonia in the whole lung and myeloid cells, but not epithelial cells, 
specifically. We also showed that Zcchc6 is induced in macrophages upon 
differentiation. Despite this compelling evidence for Zcchc6 importance in the 
macrophages specifically, we did not study whether Zcchc6 was expressed in 
other cell types in the lung. Although microarray data suggests that Zcchc6 is not 
induced in epithelial cells during pneumonia (GEO Accession GSE71623), it is 
expressed at a detectable level and thus we are unable to rule out the potential 
contribution of other cell types to our phenotype. Interestingly, we were unable to 
find a basal transcriptional phenotype in the alveolar macrophages from these 
mice. Previously, we showed that Zcchc11 displays a uridyltransferase-
independent role in cell proliferation (Blahna et al., 2011). This combined with 
previous publications on the prevalence of Zcchc6 expression in undifferentiated 
cells led us to expect a difference in either the proliferation or gene expression of 
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macrophages from these mice. However, we were unable to find evidence of 
either phenotype.   
 
We reported on induction of cytokine expression during pneumonia in the 
Zcchc6-deficient mice versus their wildtype littermates. We see an induction 
trend in all cytokines measured, the most significant of which were IL-6 and 
CXCL1, in the lungs during Sp19 pneumonia. Induction of IL-6 was extremely 
surprising given our previous report on repression of IL-6 expression by the 
Zcchc6 homolog Zcchc11 (Jones et al., 2009). Naturally, we hypothesized that 
Zcchc11 was compensating for the lack of Zcchc6 expression, however we did 
not observe increased expression of Zcchc11 in the lung. It remains to be seen 
whether there is a mechanistic compensation by Zcchc11 in these mice, whether 
in the lungs or other organs. We observed no increase in Zcchc11 expression in 
any Zcchc6-deficient tissues. We verified the induction of CXCL1 specifically in 
two models of in vitro-stimulated macrophages however we were unable to 
recapitulate the IL-6 induction. This suggests that other cell types in the lung may 
be responsible for some of the cytokine induction we observe in pneumonic 
lungs. 
  
Given the importance of cytokine and chemokine expression on neutrophil 
emigration during pneumonia (Craig et al., 2009; Jones et al., 2006), we next 
determined if the induction of cytokines in the lungs of Zcchc6-deficient mice 
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plays a role in the immune response in these mice. We determined that there 
were in fact an increased number of neutrophils in these mice after 4 hours of 
infection. This is surprising given that neutrophils typically are not seen in the 
lungs of Sp19-infected mice during acute pneumonia (Pittet et al., 2011; Quinton 
et al., 2007). The trending increase in macrophages at this time point is also 
curious. Further studies will be needed to determine the source of these 
macrophages. Despite the induction of cytokines and enhanced immune 
response to Sp19, we were unable to observe a difference in bacterial clearance, 
which suggests other immune mechanisms are compensating for this immune 
deregulation. However, the difference in clearance between 15hr and 30hr is 
negligible, suggesting that longer timepoints will be needed to determine if 
bacterial burden is affected by Zcchc6 deficiency at other time points. Our data 
suggest the importance of Zcchc6 for normal regulation of cytokine expression, 
particularly CXCL1 and IL-6, during pneumonia. This model will be an important 
tool for future studies into the effect of PAP proteins on infectious disease. 
 		
.
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